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“Nothing in the world can take the place of Persistence. Talent will not;
nothing is more common than unsuccessful men with talent. Genius will
not; unrewarded genius is almost a proverb. Education will not; the world
is full of educated derelicts. Persistence and determination alone are om-
nipotent. The slogan ‘Press On’ has solved and always will solve the prob-
lems of the human race.”
Calvin Coolidge: Amherst College, 1894.
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ABSTRACT
Particulate contamination of the optical surfaces of solar collectors, often called
“soiling”, can have a significant deteriorating impact on energy yield due to the
absorption and scattering of incident light. Soiling has more destructive effect on
concentrated solar systems than on flat-plate photovoltaic panels, as the former are
incapable of converting scattered sunlight. The first part of this thesis deals with
the soiling losses of flat-plate photovoltaic (PV), concentrated solar power (CSP),
and concentrated photovoltaic (CPV) systems in operation in several regions of the
world. Influential parameters in dust accumulation losses, as well as different clean-
ing mechanisms in pursuit of restoring the efficiency of soiled systems, have been
vii
thoroughly investigated.
In lieu of the most commonly-practiced manual cleaning method of using high-
pressure water jets, the concept of automatic dust removal using the electrostatic
forces of electrodynamic screen (EDS) technology is in a developmental stage and
on its way toward commercialization. This thesis provides comprehensive analyti-
cal solutions for the electric potential and electric field distribution in EDS devices
having different configurations. Numerical simulations developed using finite element
analysis (FEA) software have corroborated the analytical solutions which can easily
be embedded into software programs for particle trajectory simulations while also
providing flexibility and generality in the study on the effect of different parameters
of the EDS on the electric field and ensuing dust-removal performance.
Evaluation and comparison of different repelling and attracting forces exerted on
dust particles is of utmost importance to a detailed analysis of EDS performance in
dust removal. Hence, the balance of electrostatic and adhesion forces, including van
der Waals and capillary forces, have received significant attention in this dissertation.
Furthermore, different numerical analyses have been conducted to investigate the
potential causes of observed failures of EDS prototypes that functioned well in a
laboratory environment but failed after outdoor exposure.
Experimental studies form the last two chapters of this dissertation. Different
tests have been conducted on an EDS sample integrated with a PV cell to restore
the efficiency of the cell after dust deposition. In order to evaluate the performance
of the EDS in dust-particle removal, we have studied the particle size distribution on
the EDS surface after each dust deposition and EDS cleaning cycle using a custom-
built dust-deposition analyzer. Furthermore, we have pursued several experiments to
examine how the geometric and operational EDS parameters affect particle charge
via charge-to-mass-ratio measurements.
viii
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1Chapter 1
Introduction
1.1 Motivation
Sunlight is an abundant and essentially inexhaustible energy resource, but it is not
distributed evenly on the earth’s surface. Low latitude, arid and semi-arid areas,
within 35◦N to 35◦S, receive the highest direct normal irradiance (DNI). For in-
stance, the Mojave Desert (latitude: 35◦N) in southwestern United States, and the
Negev Desert (latitude: 30.5◦N) in southern Israel receive 1920 kWh/m2/year and
2007 kWh/m2/year, respectively (NASA Solar Insolation Incident On A Horizontal
Surface, 2008). Seven of the world’s deserts, located between these two latitudes, are
able to meet the energy needs globally with solar power generation technologies, in-
cluding photovoltaic (PV), concentrated photovoltaic (CPV), and concentrated solar
power (CSP) systems. A recent review (Wu, 2011) reports the mission of an initia-
tive called Desertec to derive electrical energy from solar radiation available in Middle
Eastern and North African (MENA) countries to meet major power requirements and
to supply up to 15% of the electricity demand of Europe by 2050.
Despite the enormous potential of the aforementioned technologies for providing
clean energy with minimal carbon footprint, dust accumulation on the front surface
of the solar collectors, the so-called “soiling” effect, is a severe performance-limiting
factor that decreases the power output of the solar plant. Dust and other particulate
accumulation on solar collectors causes transmission loss. This is true with respect
to transmission losses in photovoltaic (PV) and concentrated photovoltaic (CPV)
2systems, and for reflection losses in concentrated solar power (CSP) systems. Figure
1·1 shows daily output power losses in PV installations in different parts of the world
caused by dust accumulation on the front surface of the panels. Although these
regions receive high solar irradiance (as shown in Fig. 1·1) based upon the data
provided by NASA (NASA Solar Insolation Incident On A Horizontal Surface, 2008),
dust accumulation has a detrimental effect on the performance of the solar collectors.
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Figure 1·1: Daily power loss of solar plants in different parts of the
world: Dhaka, Bangladesh (latitude: 23.7◦N) (Rahman et al., 2012),
Mountain View, CA (latitude: 37.4◦N) (Lam et al., 2015), Ogbo-
moso, Nigeria (latitude: 8.1◦N) (Sanusi, 2012), Kuwait, Kuwait (lati-
tude: 29◦N) (AlBusairi and Mo¨ller, 2010), Limassol, Cyprus (latitude:
34.6◦N) (Kalogirou et al., 2013), Abu Dhabi, UAE (latitude: 24.5◦N)
(Hanai et al., 2011), Riyadth, Saudi Arabia (latitude: 24.6◦N) (Salim
et al., 1988), and Libya (latitude: 27◦N) (Mohamed and Hasan, 2012).
[Note: The data on power loss, taken from different reports, do not
represent annual average loss.]
In order to quantitatively show how the accumulation of dust particles on the
front surface of solar collectors reduces their performance, we provide the following
3discussion. For a monolayer of dust particles deposited on a unit surface of a solar
collector, the loss in the irradiance level is calculated from Beer’s law:
I
I0
= e−NApQext , (1.1)
in which I is the light intensity after it passes through the dust layer and solar
collector, I0 is the initial light intensity received by the solar collector when it is
thoroughly clean with no deposited dust particles, N is the number of deposited
particles per unit area, Ap is the projected surface area of a dust particle, and Qext
is the extinction efficiency of the particle, which is the summation of its scattering
efficiency (Qs) and the absorption efficiency (Qa). For particles in range of 0 to 2 µm is
diameter, Qext is determined from Mie scattering theory (Bohren and Huffman, 2008).
The projected surface area Ap of a spherical particle with diameter d is obtained from
the following equation:
Ap = pi
(d
2
)2
. (1.2)
Figure 1·2 depicts deposition of dust identical dust particles with diameter d and
projected area of Ap on the 1 m
2 surface of solar collector.
Figure 1·2: Monolayer deposition of identical spherical dust particles
on the surface of solar collector.
The detrimental impact of accumulation of fine particles on the optical surface of
4a solar collector and the corresponding losses can clearly be seen in Fig. 1·3, where
losses in the light intensity, transmission and reflection, are shown when a monolayer
of dust particles with specified size is deposited on the solar collector. In Fig. 1·3, the
solid and dashed lines denote the transmission loss and reflection loss with Qext = 2
and Qext = 3.5, respectively.
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Figure 1·3: Irradiance loss vs. dust concentration density for different
ranges of particle size. The solid and dashed lines denote the transmis-
sion loss and reflection loss with Qext = 2 and Qext = 3.5, respectively.
Considering Fig. 1·3, two main conclusions are drawn:
1. Reflection loss is significantly higher than transmission loss for one particular
size of particle and dust-concentration density. This point clarifies why soil-
ing losses in concentrated solar collector are more detrimental to performance,
compared to flat-plate PV collectors.
2. The detrimental impact of the deposition of fine particles is evident for one
particular dust concentration density. As the size of the deposited particles
5becomes smaller, the losses in light intensity increase drastically. This is at-
tributable to the fact that as the size of dust particles gets smaller and smaller,
the amount of light reaching the solar collector through the spaces not covered
with dust (Fig. 1·2) gets smaller and smaller. Hence, the distribution becomes
more packed.
Similar to Fig. 1·3, Fig. 1·4 is provided, in which the loss in light intensity for
a monolayer of dust deposition has been quantified vs. particle size for different
concentration densities. As shown in Fig. 1·4, for a particular dust-concentration
density, as the size of the deposited particles increases, the losses in the received light
decrease.
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Figure 1·4: Irradiance loss vs. particle size for different dust concen-
tration densities. The solid and dashed lines denote the transmission
loss and reflection loss with Qext = 2 and Qext = 3.5, respectively.
In order to manually restore the efficiency of the dusty solar collectors, the use of
high-pressure water jets, often mixed with detergents, is the most commonly-practiced
6cleaning method in large-scale solar plants (Fig. 1·5(b&c)).
a b
c d
Figure 1·5: Different cleaning mechanism to restore the efficiency
of solar collectors: (a) manual and automatic brushing flat-plate PV
panels in a PV installation in Atacama Desert, Chile (Courtesy to
Geoderill R©), (b) cleaning parabolic troughs using high-pressure wa-
ter jet by a team of technicians (Cohen et al., 1999), (c) scrubbing
parabolic troughs in an Abengoa solar field, and (d) robotic cleaning
(GEKKO Solar Farm, 2015).
The most significant drawback of cleaning using water-based methods is the high
volume of water consumption needed for each cleaning round. In addition, the de-
salinization of water imposes extra cost to the overall cleaning cost. Robotic devices
are still in developmental stages, although significant endeavors have been directed
towards efficient operation of cleaning robotic devices with minimal water usage.
In order to cope with the shortcomings of commonly-practiced cleaning methods,
the concept of automatic dust removal using electrostatic forces is in a developmental
stage on the path to commercialization. The general idea of automatic dust removal
using electrostatics fores was initially introduced by Tatom et al. (Tatom et al., 1967)
7at NASA and then developed by Masuda et al. (Masuda et al., 1972) (Masuda and
Matsumoto, 1973) at the University of Tokyo in the 1970s for transporting charged
aerosol particles. Although the concept has found a niche application for dust re-
moval on solar modules to be used in Mars exploration missions (Mazumder et al.,
2006), (Sharma et al., 2009), (Calle et al., 2009b), (Calle et al., 2011), there have
been significant endeavors to adopt this technology to mitigate dust accumulation
losses in solar energy harvesting plants (Mazumder et al., 2013),(Kawamoto and Shi-
bata, 2015). Electrodynamic screen (EDS) (Fig. 1·6) technology represents a viable
promising solution as it does not require water resources or mechanical movement in
removing dust particles, and it is an extremely low-power technology that can be fed
from the harvesting device itself and does not need external power source. The EDS
consists of inter-digitated electrodes deposited on a glass substrate, encapsulated by
one or more transparent dielectric coating(s) that protect the electrodes from direct
exposure to the outdoor environment. The EDS can be easily integrated onto a PV
panel or the reflecting mirror in concentrated solar power (CSP) applications. The
electrodes are connected to a single-phase or a multi-phase power supply that en-
ergizes the electrodes with a specified waveform pattern and frequency. Once the
deposited dust particles are charged sufficiently, they are removed by the Coulomb
force from the EDS surface.
Fðx; y; tnÞ ¼
X
k

akðtnÞcos

2p
T
kx

þ bkðtnÞsin

2p
T
kx

e2pky=T
where a(tn) and b(tn) reflect the time-dependence of the excitation
voltages. Computing E ¼ VF yields the electric field in the half-
plane above the electrodes.
A numerical simulation has beenwritten to calculate the motion
of single particles in consideration of the four primary forces acting
on the particle: Coulomb force, Stokes drag, gravity, and the die-
lectrophoretic (DEP) force. As discussed in Ref. [16], a particle’s
trajectory is found by incremental integration of the combined
forces using Newton’s method. To account for ballistic collisions
with the EDS surface, the reflected normal and tangential velocities
are (somewhat arbitrarily) assumed to be 25% and 90% of incident
values, respectively. These values yield simulation results that seem
to correlate with experimental observations. Fig. 2 shows an
example of a particle trajectory found using this calculation
method.
One surprising result of the simulations, confirmed by high-
speed video, has been the presence of two modes of particle
motion e one an orderly, wave-like progression across the screen,
and the other a more chaotic motion with only an eventual net
migration of the particle to the edge of the screen. As a means to
validate the trajectory simulation method, and perhaps explain
these two modes of behavior, the paths of real, single particles
moving on a small EDS were captured on high-definition video at
30 frames per second to obtain statistical data for comparison with
theoretical predictions. Large, easily tracked, 500-mm diameter
polylatex styrene particles were used for this model validation
study. A custom-designed MATLAB program tracked the motion of
single particles using a combination of threshold-based motion
detection and template-correlation matching. The program high-
lights the chosen particle on the video and produces a data array
indicting the particle’s location at each video frame. At 30 video
frames per second, changes in particle position can be uniquely
resolved no faster than every 65 ms (15 Hz). For this reason, tests
were performed at voltage excitation frequencies of 5 Hz or lower.
The EDS utilizes three sets of electrodes, each energized by one
of the three temporal phases. Because a given particle can interact
with all three electrode sets, one would expect the frequency
spectrum of particle motion to be three times the fundamental
electrical frequency of the applied voltages. Four sets of experi-
mental data were taken at 2 Hz and 5 Hz excitation using EDS
electrode spacings of 0.5 mm and 1.3 mm and a fixed particle
charge of 70 pC. This value is consistent with measured values of
the per-particle charge acquired via contact electrification when
the particle hits the EDS surface.
3. Results
Real particle trajectories have an element of randomness. It is
nearly impossible to correlate precisely any one real trajectory with
a simulation. One can, however, expect particle motion to have
a component of temporal periodicity that correlates with the EDS
excitation frequency. Demonstrating this correlation between
theory and experiment can provide somemeasure of the validity of
the simulation model.
When one electrode phase is energized, a particle of like polarity
will be repelled and will move toward an adjacent electrode,
momentarily at zero potential until its phase is energized. In this
mode, the particle will “hop” to its new location, and then be held
there by the force of its image charge. The distance of the hop will
depend on the particle’s starting position, which is also random.
Because the EDS electrodes are energized in three phases, this
probabilistic “hopping” motion will occur at three times the EDS
excitation frequency.
The histograms of Fig. 3, compiled from the video tests, show
the number of observed particles as a function of displacement
distance between successive video frames. These data, taken using
3-Phase Electrodes 
Solar Panel 
Glass
Particles
S l P l
Fig. 1. Schematic view of typical EDS.
Fig. 2. Sample of simulated trajectory results.
Fig. 3. Histograms showing number of observed particles as a function of displace-
ment distance between successive video frames. Left: experimental results; right:
simulation.
M.N. Horenstein et al. / Journal of Electrostatics 71 (2013) 185e188186
Figure 1·6: Schematic view of typical EDS.
8Since Coulomb force (F = qE) is the predominant force in dust particle removal
in the EDS application, both charge of the particle q and electric field distribution
E is of utmost importance in performance evaluation of the EDS, optimizing the
design, and maximizing the dust removal efficiency. Detailed modeling of electric
field distribution as a function of design parameters is one of the basic requirements
for advancing this technology.
The ultimate goal of EDS operation is to ensure that at each given point over the
EDS surface, the summation of repelling forces are greater than the attracting ones in
the balance of forces exerted on the particle. Hence, a detailed comparison needs to
be performed between different forces exerted on dust particles and how they change
as a function influential parameters. As denoted previously, the accumulation of fine
dust particles on the solar collectors is of primary concern as they cause more losses
than that of coarse particles, with the same dust concentration density. Hence, the
main focus should be placed on evaluation of EDS performance in removing fine dust
particles.
1.2 Contributions
In this dissertation, the comprehensive analytical solutions for the electric potential
and electric field distributions for an EDS with one or multiple layer(s) of transparent
dielectric coating(s) are provided. We have shown how the closed-form expression of
electric field distribution is dependent upon different geometric as well as operation
parameters of the EDS. These parameters include electrode width, inter-electrode
spacing, thickness and relative permittivity of the transparent dielectric layer(s). The
significant features of the analytical solutions for the electric field distribution can be
summarized as follows:
• Although the provided analytical expressions are for the EDS configuration with
9one or two dielectric layer(s), the method used to derive the solutions has the
potential to be applied for an EDS configuration with more than two layers of
stacked dielectric coatings,
• The solutions can be easily embedded into the software programs for particle
trajectory simulations,
• They provide flexibility and generality in the study on the effect of different
parameters in the behavior of the electric field with less computational burden,
• They can be used to examine how the electric field behaves inside the stacked
layers of dielectric coatings and analysis of stress and potential dielectric break-
down,
• Optimization of EDS geometry in order to increase the dust removal efficiency is
indispensable part in the commercialization path of the EDS. The solutions can
be used in defining appropriate objective functions in the optimization studies.
In order to corroborate the analytical (ANA) solutions, the EDS configuration has
been developed in the COMSOL R© Multiphysics R© finite element analysis software. A
discrepancy is observed between the two solutions obtained from the two methods,
which is attributed to the voltage profile between two adjacent electrodes considered
in the analytical approach. Directions have been given on how to provide a more
accurate voltage profile in the analytical approach to minimize the error percentage
between the two solutions.
Deposited dust particles on the top surface of activated EDS are exposed to a non-
uniform electric field distribution generated by the energized electrodes. Hence, the
particles experience multipolar dielectrophorectic (DEP) forces. In this dissertation,
the closed-form expressions for the multipolar DEP forces up to the third-order are
provided, based upon the analytical solution of electric field distribution addressed
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above. Prior to this work, the DEP forces had not received significant attention in
the EDS application while numerous studies have pursuit the application of dielec-
trophoresis phenomenon in the biological research areas and microfluidic devices for
particle manipulation and separation. It is strongly speculated that the dust particles
are charged electrostatically through triboelectrification process caused by the DEP
forces, especially in initial moments of EDS operation when the particles have no net
charge or their charge is insignificant. The analytical expressions for the DEP forces
presented herein can be embedded efficiently in the equation of motion for particle
trajectory modeling, something that seemed a formidable task previously. Having
closed-form solutions for the multipolar DEP forces facilities the studies pursuit on
the impacts of different influential EDS design parameters.
To examine the EDS performance in dust removal process, detailed analysis and
comparison of the attracting and repelling forces exerted on the dust particles is of
utmost importance. In this thesis, the balance of exerted forces on the dust parti-
cles vs. particle radius has been analyzed using the models developed in this thesis
or proposed in the literature. It is shown that in lieu of simplified mathematical
expressions for the van der Waals force and capillary force, more accurate models
that contemplate the surface roughness of both the particle and the surface should
be considered. Using simplified mathematical models of the adhesion force leads to
overestimation of the magnitude of it by more than one order of magnitude, which is
in contrast with the observed experimental results. Although the inferior EDS per-
formance in dust removal process in high relative humidity values had been observed
experimentally before, this thesis illustrates qualitatively how the capillary force can
completely dominate the Coulomb force due to the increase in the relative humidity
after a particular threshold.
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Due to imperfect procedure in developing EDS prototypes in the laboratory en-
vironment, they fail after short period of time in outdoor exposure. Imperfections in
development procedure include the air bubble (layer) introduced between the trans-
parent dielectric layers and decreased inter-electrode spacing between adjacent elec-
trodes caused in accommodating the third phase connection of the EDS. Different
numerical investigations have been conducted to address the potential causes of the
EDS prototypes failures.
The EDS performance has been examined experimentally in restoring the short-
circuit current of a photovoltaic cell in an environmentally-controlled test chamber.
Particle size distribution studies performed after each cycle of dust deposition on the
EDS-PV prototype and cleaning using EDS showed that the EDS was able to remove
the coarse dust particle but not the fine ones. To improve the EDS performance and
reduce the rate of dust build up, optimization of EDS geometry to maximize the dust
removal efficiency needs to be performed in further studies. Furthermore, extensive
experiments have been conducted to quantify the amount of electric charge acquired
by dust particles as a function of influential parameters such as inter-electrode spacing,
applied voltage, relative humidity, and thickness of the EDS top dielectric coating.
The results are advantageous in optimization procedure of the EDS in maximizing
dust removal efficiency.
1.3 Organization
The remaining chapters of this dissertation are organized as follows:
Chapter 2: Soiling Losses in Solar Collectors
Energy yield losses in solar collectors due to particulate contamination of their
optical surfaces, the so-called “soiling” effect, has been comprehensively discussed
in Chapter 2. It provides an extensive review of the studies conducted in different
12
parts of the world, dealing with dust accumulation losses, either in solar plants in
operation or laboratory-scale experiments. Influential parameters in the soiling rate
such as geographical location, local climate, frequency of natural precipitations, dust
events, inclination angle and orientation of solar collectors, sun-tracking system, are
addressed. It is clearly shown that soiling losses are not limited to arid- and semi-
arid areas of the world; solar energy harvesting installations in urban areas may also
experience significant energy losses in a short exposure period due to accumulation of
fine carbon particulates. Different cleaning mechanisms in mitigation of soiling losses
such as natural, manual, automatic, as well as passive surface treatment have been
discussed in details. Furthermore, the advantages, disadvantages, and efficacy of each
cleaning agent, have been addressed.
Chapter 3: Electric Field Distribution in an EDS
Comprehensive closed-form analytical solutions for the electric potential and elec-
tric field distribution in an EDS with different configurations have been provided in
Chapter 3. The electric field solutions in the dielectric layer(s) of the EDS have the
potential to be used in further studies of stress analysis and dielectric breakdown.
The impacts of different design parameters including electrode width, inter-electrode
spacing, thickness and relative permittivity of the dielectric coating(s) in the electric
field distribution on the EDS surface have been explicitly discussed. To numerically
corroborate the analytical solutions, the electrostatic models of different EDS config-
urations have been developed in COMSOL R© Multiphysics R© finite element analysis
(FEA) software. The origin of discrepancy between the analytical and FEA solutions
has been well-addressed and directions have been given towards solving it in further
studies. A comparison has been made between the two EDS configurations regarding
dust removal efficiency. The results of this chapter are beneficial in detailed dust par-
ticle trajectory modeling and in optimization procedure of the EDS for higher dust
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removal rates.
Chapter 4: Electrostatic Force Distribution on an EDS
Since Coulomb force is the predominant force in dust removal by the EDS, having
a detailed force comparison model is of primary interest in evaluation of EDS perfor-
mance and maximization of its dust removal efficiency. In Chapter 4, the analytical
expressions for the mulipolar dielectrophoretic (DEP) forces up to the third-order are
obtained for an EDS configuration with one layer of dielectric coating, based upon the
electric field distribution provided in Chapter 3. Mathematical models suggested in
the literature for the adhesion forces, namely van dar Waals force and capillary force,
have been used in comparison of different forces including image force, gravitational
force, Coulomb force and DEP force, exerted on the dust particles. The impact of
surface asperities in the top EDS surface have received significant attention to have a
more thorough and realistic comparison. The detrimental impact of relative humidity
increase in the dust removal process by the EDS has been clearly shown.
Chapter 5: Functional Analysis of an EDS
Chapter 5 deals with some of the practical issues in the development of EDS
samples in the laboratory environments. Air bubbles/packs penetrated through the
transparent dielectric layers in the development process of the EDS samples have been
speculated to be responsible for a significant fraction of failures in the EDS operation.
By considering different scenarios, we examine the electric field intensity in complex
geometries and effectively model different potential failures. Furthermore, simula-
tion software is used to model different imperfection scenarios in the interconnection
process of EDS phases.
Chapter 6: Performance Evaluation of an EDS
In Chapter 6, we report on the experiments conducted in the laboratory environ-
ment to restore the efficiency of a dusty PV cell using an electrodynamic screen. An
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EDS sample has been integrated into a PV cell and different tests are conducted in an
environmentally-controlled test chamber at various applied voltages and inclination
angles and short-circuit current is recorded continuously. In order to evaluate the
performance of the EDS in dust-particle removal, we have studied the particle size
distribution on the EDS surface after each dust deposition and cleaning cycle using a
custom-built dust-deposition analyzer. The results show the performance of current
EDS geometry in fine-adhered dust removal and open more avenues for an optimum
design, capable of higher dust removal efficiency.
Chapter 7: Charge Characterization in an EDS
Electric charge of the dust particles plays a decisive role in the Coulomb force that
the particles experience in dust removal process. Chapter 7 investigates the impacts
of geometric and operational parameters of the EDS in the amount of charge acquired
by the dust particles. The impacts of the applied voltage, inter-electrode spacing, and
relative humidity have been experimentally investigated in the charge-to-mass ratio
measurements.
Chapter 8: Conclusions and Future Work
Finally, Chapter 8 draws conclusion of the dissertation with a discussion on the
possible directions for future work.
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Chapter 2
Soiling Losses in Solar Collectors
2.1 Introduction
One of the significant challenges facing the operation of flat-panel photovoltaic (PV),
concentrated solar power (CSP), and concentrated photovoltaic (CPV) systems is the
energy yield loss caused by dust accumulation on their optical surfaces. Particulate
contamination of the optical surfaces of solar energy conversion systems, the so-called
“soiling”, has been found to have a significant deteriorating impact on energy yield due
to the absorption and scattering losses of the incident light. Soiling includes not only
dust accumulation, but also surface contamination by plant products, soot, salt, bird
droppings, and growth of organic species, adversely effecting the optical performance.
Dust deposition on solar collector surfaces depends upon two major factors: (1)
location of the solar plants and (2) site’s local environmental conditions (i.e. climate).
Relevant dust properties include size and charge distribution, material composition,
shape, surface energy, and biological properties. Environmental factors include the
surrounding vegetation and soil type as well as climatological characteristics, i.e.,
frequency of dust storms, precipitation, wind speed/direction, ambient temperature,
and relative humidity. Accumulation of dust on the collector surface depends upon
the rate of deposition and the rate of removal by wind.
Soiling has more destructive effect on concentrated solar systems than on flat-plate
PV panels. A portion of sunlight forward scattered by dust particles deposited on a
PV surface would be absorbed by light trapping and produce energy, but a dust layer
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on a concentrating solar collector, such as a mirror and Fresnel lenses, will prevent
the light from reaching the energy conversion device since (1) CPV and CSP systems
work mainly from beam radiation, (2) a direct beam must travel twice through the
dust layer during reflection, and (3) in general, concentrating plants are designed
in large-scales, and hence are mainly installed in the semi-arid and desert regions
where the direct normal irradiance (DNI) is highest, with concomitant high dust
concentrations, dust storms, and scarcity of water. Therefore, removing deposited
dust from the surfaces of solar collectors surfaces is of utmost importance in order to
maximize their efficiency.
In this chapter, we present a comprehensive review of the energy yield losses
caused by dust deposition on solar collectors, with particular emphasis on flat-panel
photovoltaic (PV) systems. The review includes some of the major studies reported
on energy-yield losses on solar plants in operation in several regions of the world.
In addition, laboratory-soiling studies are also included. Degradation in the perfor-
mance of solar plants based on the type of solar collectors, geographical location,
local climate, and exposure period of the collectors absent any manual cleaning is
reported. Different cleaning processes that include natural, manual, automatic, and
passive methods are reviewed along with newly developing automatic cleaning meth-
ods. The advantages and drawbacks of different cleaning techniques in removing
deposited dust from collector surfaces are compared. This chapter can serve as a
comprehensive database for predicting anticipated soiling losses in different parts of
the world, and for assessing effective cleaning methods for restoring a system’s energy
yield.
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2.2 Dust Deposition
2.2.1 Effect of Inclination Angle
Tilt angle (β) of the PV modules has a strong influence on dust deposition (Garg,
1974), (Sayigh et al., 1985), (Nahar and Gupta, 1990), (Pande, 1992), (Hegazy, 2001),
(Elminir et al., 2006), (AlBusairi and Mo¨ller, 2010), (Cano, 2011), (Hee et al., 2012),
(Appels et al., 2012). For collectors installed at a fixed angle, i.e. not equipped with
a solar tracking system, dust accumulation decreases when inclination angle increases
from horizontal (0◦) position to vertical (90◦).
When the tilt angle (β) is 0◦, the entire surface of the panel faces upward. Since
gravitational settling is the primary mechanism for dust deposition, the dust accu-
mulation rate is highest under this condition. The surface area of a solar collector
projected upward decreases as the tilt angle β increases from 0◦ to 90◦. When the PV
module is positioned vertically, the primary deposition mechanism of soiling is the
diffusion of particles. Since the gravitational soiling rate is proportional to d2 where
d is the equivalent diameter of the particle, one can see that the larger the particle
size, the higher the deposition velocity. Thus most of the particles depositing on a
horizontal surface would be large, with fewer fine particles. In contrast, diffusion,
including turbulent diffusion, is inversely proportional to d; hence dust deposited on
a vertical surface would be comprised predominantly of fine particles.
The typical fixed panel has its tilt angle set at β = (L±10)◦, where L is the latitude
of the solar plant site. The surface area of the collector projected upward would be
A cos β where A is the area of the solar collector. Both the mass concentration
density in (g/m2) and the particle size distribution of the deposited particles will
depend upon the angle β. In general, both gravitational settling and diffusion are the
primary deposition mechanisms under clean conditions.
The impaction of airborne dust having a wind velocity component perpendicular
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to the surface of the collector results in the collection of large particles. In such cases,
there will be additional dust deposition caused by the impaction of particles aided by
the electrostatic forces of adhesion if the particles are charged. In arid zones, most
of the dust particles gain a significant magnitude of electrostatic charge during their
erosion from the soil.
The wind also causes removal of the deposited dust. The dust removal rate at a
relatively high wind speed will be more effective at a high tilt angle. Removal of the
deposited dust also depends upon the particle diameter d and the microstructure of
the dust layer. A thin layer of dust deposited on a horizontal surface cannot easily
be removed by wind, even at a relatively high velocity (50 m/s). The removal force,
which is limited by the boundary-layer air velocity, has been found to be ineffective
for particles with d < 50 µm when the free stream velocity is less than 50 m/s.
The primary reason for this low inefficiency of wind removal is that the adhesion
force of the particles with the surface is proportional to d while the removal force is
proportional to d2 in the case of wind force. When d is small, the adhesion force is
higher than the removal force (Hinds, 1999).
Because of gravitational forces, some of the larger particles can roll off the panel’s
surface or move to the lower parts as the tilt angle increases. Cleaning of the panels
by rain and wind is also dependent upon the tilt angle and orientation of surfaces with
respect to wind direction. As accumulation of large particles decreases with increasing
tilt angle, the relative concentration of fine particles increases on tilted surfaces. In
a study performed in Minia region, Egypt (Hegazy, 2001), it was observed that the
surface densities of collected particles having small mean diameters (< 1 µm) were
higher on panels having high inclination angles, while coarser dust particles (mean
diameter of 3 µm) deposited with higher proportions on low-inclined panels.
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2.2.2 Attenuation of Sunlight by Dust Layer
The soiling impact on the transmittance of sunlight by dust layer deposited on glass
plates exposed to the outdoor environment in Thar desert, India, from May 1986 to
December 1987 was studied by Nahar and Gupta (Nahar and Gupta, 1990). Maxi-
mum transmission reduction in the month of May, when the area experiences frequent
dust storms, was recorded 1.87%, 4.62%, and 6.28% for 90◦, 45◦, and 0◦ tilt angles,
respectively, for the daily-cleaned glass specimens. For the samples cleaned weekly,
the maximum reduction in transmittance was observed in the April-May period with
5.67%, 13.81%, and 19.17% for 90◦, 45◦, and 0◦ inclined samples, respectively. Figure
2·1 summarizes the soiling data for different cleaning cycles and time intervals. As
can be observed in Fig. 2·1, glass samples experienced significantly higher losses in
the period July 21, 1987-September 15, 1987 (56 days) than the ones in the period
January 20, 1987-July 18, 1987 (180 days) although the exposure time was approxi-
mately three times shorter. The reason is attributed to the restoring effect of heavy
rainfall events in the 180-day period that increased the transmittance while the area
experienced scarcity of rain precipitation in the 56-day period.
In addition to the tilt angle, the effect of azimuth angle was simultaneously con-
sidered by Elminir et al. (Elminir et al., 2006). Several glass samples were mounted
on racks at different azimuth and tilt angles and exposed to the outdoor environment
in Minia, Egypt (latitude: 28◦N). The maximum reduction in light transmission was
found to be 27.62% for the horizontal panel. However, transmission loss was only
4.94% for the glass sample tilted at 90◦ and facing southeast. The transmittance re-
duction for different orientations and tilt angles are plotted in Fig. 2·2, which shows
the effect of tilt and azimuthal angles. Furthermore, among PV samples exposed
outdoors with different positions during the period of December 2004-June 2005, the
PV sample tilted at 45◦ and facing south exhibited a higher power yield that was
20
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independent of season compared with other PV samples at different tilt angles and
orientations. The output power loss rate of the PV sample tilted at 45◦S was found
to be 17.4% per month.
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Figure 2·2: Transmission reduction by dust accumulation for sample
glass specimens with different orientation and tilt angles exposed to the
outdoor environment in Minia, Egypt (Elminir et al., 2006). The inset
in the figure shows the direction to which the glass samples were facing.
Qasem et al. (Qasem et al., 2014) exposed south-facing glass samples at various
tilt angles under outdoor conditions for one month in Kuwait. A non-uniformity
index defined as transmittance values at the top, middle, and bottom of the samples.
Non-uniformity of the vertical sample was found to be 0.21%, while the sample tilted
at 30◦ showed a 4.39% non-uniformity between the three sections. This observation
suggests non-uniform dust deposition as a function of tilt angle.
Lorenzo et al. (Lorenzo et al., 2013) investigated the impact of non-uniform dust
deposition pattern on PV arrays in a 2 MW PV park in southeastern Spain. It has
been observed that dusty modules have significantly lower operation voltage than
the less dusty or clean ones in the same string. Partially-shaded cells act as loads
22
to clear cells connected in series. Consequently, more output power losses occur in
the formation of hot spots. Infrared (IR) images taken from the array showed that
hot spots formed in areas with higher dust concentration with up to 23◦C higher
compared to that of the surrounding panel surface. In long-term exposure, these hot
spots cause the thermal degradation of the PV arrays.
2.3 Effects of Dust Properties on Transmission Losses
2.3.1 Particle Size
The effect of the physical and chemical properties of dust particles on the performance
of PV modules was studied by El-Shobokshy and Hussein (El-Shobokshy and Hussein,
1993). In these studies, carbon, cement, and three types of limestone particles having
median diameters of 5, 10, 50, 60, and 80 µm were tested. The dust particles were
deposited on a PV surface at a controlled surface-mass density, and the power output
was measured. The results showed that finer particles have a more deteriorating effect
on cell performance than coarser particles at the same surface mass density of 25
g/m2. The results also show that normalized power output in the case of cement and
carbon particles dropped by 40% and 90%, respectively. This significant difference
can be attributed to the fact that finer particles deposited on the cover glass surface
have more specific surface area compared to that of the larger particles, causing more
scattering losses. The light extinction coefficient due to scattering losses is directly
proportional to the projected area of the particles when the particle diameter d is
larger than the wavelength (λ) of light.
Gaier and Perez-Davis (Gaier and Perez-Davis, 1991) investigated the effects of
dust deposition on solar panels related to their use on the exploration of Mars and
the moon. They examined the role of particle size of on the transmission losses using
transparent glass substrates using simulated Martian dust. Four different particle
23
diameter ranges were used: 10, 30, 60, and >75 µm. Using a wind tunnel and a
dust loading device, the deposition of dust provider on the glass plates was studied
as a function of particle size, wind velocity, and the angle between the direction of
wind velocity and the front surface plate of the substrates. The results show that
both particle diameter and wind velocity play major roles on the mass density of
deposition and corresponding attenuation of light. Surface mass density of the dust
deposition was negligible at a high wind velocity. At a lower wind velocity (< 24 m/s),
however, particles of 30 µm size had 12% and 20% more deteriorating effect at 45◦
and 90◦ angles between the direction of flow and the impacting surface, respectively,
compared to large size (>75 µm) particles.
2.3.2 Effects of Wavelength on the Transmission and Reflection Losses
Soiling losses are not identical at all wavelengths in the spectrum of solar insolation.
If the size of accumulated dust particles is comparable with the wavelength of solar
insolation, the investigation of dependency of specular reflectance or transmission on
wavelength for dusty solar collectors can provide us with significant insight into the
dust accumulation problem.
Hasan and Sayigh (Hasan and Sayigh, 1992) used glass plates with 4-mm thickness
were mounted horizontally in a test chamber for collecting test dust samples. The
transmittance losses were measured for different dust accumulation densities and
plotted as a function of two wavelengths 540 and 720 nm. They observed that light
transmittance decreased at all visible wavelengths as the dust accumulation density
increased. The results for only two wavelengths, 540 nm and 720 nm, are shown in
Fig. 2·3.
The role of wavelength in the transmittance and reflectance efficiency variations
of glass samples coated with dust was investigated by Al-Hasan (Al-Hasan, 1998).
In these studies, the wavelength ranged from 190 to 900 nm, because the majority
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Figure 2·3: Normalized transmission losses of dusty glass samples
with respect to the clean samples with 88% and 85% transmissions at
540 and 720 nm, respectively (Hasan and Sayigh, 1992).
of PV modules are not responsive outside this range. The transmittance of clean
and dusty glass samples at different dust concentration densities up to 15.6 g/m2
was examined using a spectrophotometer. At all wavelengths, the transmittance
decreased as the dust concentration density of a sample increased. The transmittance
decreases as the wavelength increases for a particular dusty glass sample. Table 2.1
shows the light reflectance at different wavelengths and dust concentration densities:
reflectance increases as the dust deposition density increases, although this increase
is more prominent at longer wavelengths. Because the color of the examined dust
was red or brown, shorter wavelengths were absorbed and longer ones reflected.
The experimental data showing the variation of reflectance as a function of wave-
length can also be interpreted in terms of transmission losses, since the increase of
reflected light intensity is the result of back-scattered light from the deposited par-
ticles. The effect of incidence angle in the transmission of the glass samples was
25
further investigated for different dust concentration densities up to 2.24 g/m2. The
light transmittance decreased as the incidence angle increased.
Table 2.1: Reflectance of dusty glass samples for different dust con-
centration densities and wavelengths (Al-Hasan, 1998)
Dust Deposition Density [g/m2]
Wavelength clear 0.7 2.5 3.5 7.3 8.8 9.5 14.6
400 nm 4% 5% 9% 10.5% 11% 12% 12.5% 12.5%
500 nm 4% 5.5% 12.5% 14% 16% 20% 21% 22%
600 nm 4% 5.5% 14% 17% 19.5% 27% 28% 32%
700 nm 4% 5.5% 14% 17% 20% 27% 30% 34%
800 nm 4% 5.5% 14.5% 17% 20.5% 29% 30.5% 36%
Pettit et al. (Pettit et al., 1978) pursued a study in which silvered glass mirrors
were exposed for five weeks to the outdoor environment of a 5 MW solar thermal
test facility located in Albuquerque, NM. Figure 2·4 shows the specular reflectance
vs. wavelength for both clean and dusty samples. The specular reflectance losses
associated with the dusty samples (A), (B), (C), and (D) were 6.5%, 10%, 16%, and
24%, respectively, relative to the clean sample at 500 nm. Further, the reflectance
loss decreases with an increase in wavelength, such that the reflectance loss values
range from 3.8% to 14% at 900 nm.
As shown by Qasem et al. (Qasem et al., 2014), transmission losses are much
higher at smaller wavelengths (300 nm-570 nm) than at higher wavelengths. Scat-
tering losses increase when particle size is comparable to the wavelength of light.
Furthermore, the wavelength dependency of transmission loss vanishes for dust con-
centration densities higher than 19 g/m2. This point is also indicated in (Al-Hasan,
1998). When the surface mass density of particles is small, each particle can be con-
sidered as a single scattering object. When the mass density increases to form a thick
layer, multiple scattering is involved and the dust layer acts as a film having a rough
surface. The transmission losses can be analyzed by optical modeling.
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Figure 2·4: The variation of specular reflectance vs. wavelength for
clean and dusty mirror samples exposed in Albuquerque, NM (Pettit
et al., 1978). Dust concentration density increases from (A) to (D).
2.4 Environmental Factors
2.4.1 Dust Events
Dust accumulation on solar collectors located in deserts and in semi-arid zones vary
widely; these areas also experience dust storms that are not evenly distributed over
the year. Studies by Goossens and Offer (Goossens and Offer, 1995), performed in
Sede Boqer, Israel show that dust accumulation during the day is considerably higher
than at night. In the same study, accumulated aeolian dust at night was reported
to be significantly coarser than that of dust deposited during the day. Given a par-
ticular time of the year and geographical location of the site, the occurrence of dust
episodes was predictable to some extent based on the availability of meteorological
data collected over the years. For instance, based on 37 years of visibility observations
near Beer Sheba, Israel in the Negev Desert, more than 89% of the total annual dust
27
was found to accumulate during the “high dust season”, between December and May,
with a maximum in March (Dayan et al., 2008).
PV installations located in different parts of the world are subject to environmental
degradation caused by high dust deposition rates at certain times of the year. For
example, (1) Abu Dhabi, UAE experiences nearly seven sandstorms per year, three
of them often happen in March (El-Nashar, 2003), (2) Minia region, Egypt has dust
storms that occur frequently during the months of April-May (Hegazy, 2001), (3)
in Kuwait, maximum amount of dust deposition occurs during the months of June
and July and minimum amount occurs in the months of October-December (Sayigh
et al., 1985), (Hasan and Sayigh, 1992), and (4) in Ogbomoso, Nigeria (Sanusi, 2012),
(Gwandu and Creasey, 1995), the maximum amount of dust accumulation has been
reported in the December-March time period when a dry and dusty wind, called
Harmattan, blows.
2.4.2 Effect of Tracking
Most large-scale PV modules are installed at fixed tilt angle. Photovoltaic systems
equipped with solar trackers can be used to produce maximum power output and to
minimize dust accumulation. Tracking also can provide panel orientation that can
be used for convenient cleaning and for stowing the panels facing down at night and
during dust storms. Promising results have been reported related to the dust accu-
mulation issue. Variable tilt/azimuth angle in solar systems with tracking capabilities
can clearly make the cleaning role of gravitational forces or natural cleaning agents
more convenient in removing deposited particulates from collectors’ surfaces. In an
experimental set up in Hermosillo, Sonora, Mexico (Cabanillas and Munguia, 2011),
the relatively low dust accumulation loss after 20 days of exposure was attributed to
the solar tracking system, compared to fixed tilt-angle PV systems. In another study,
four identical PV systems were exposed to the outdoor environment near Riyadh,
28
Saudi Arabia for a period of one-year (Salim et al., 1988). Test results showed that
energy output gain of the single axis solar tracking system varied between 16% and
21%, with an average of approximately 18% per month, compared to the array at a
fixed tilt angle of 24.6◦ (site’s latitude). Furthermore, the performance of the two-axes
tracking system exhibited an approximate increase of 2% power output compared to
the single-axis tracking system. These differences are attributable to less dust accu-
mulation and more sunlight absorption in solar tracking systems with respect to fixed
modules. Tracking systems, however, might show slightly lower power conversion
efficiency due to the high temperature of the solar cell and exposed to high DNI as
they always track the sun (Al-Busairi and Al-Kandari, 1987).
Figure 2·5 illustrates the mean and standard deviation of specular reflectance
losses of mirror specimens having five different orientations exposed to the outdoor
environment in Albuquerque, NM between July 1976 and November 1977 without
washing. As is evident in the Fig. 2·5, the reflectance losses decreased significantly
for the sample equipped with a tracking system ((C) and (D)).
2.4.3 Relative Humidity
In semi-arid and desert regions, rainfall is rare; precipitation may occur during a short
period of the year but can have high relative humidity and can form dew in the early
morning hours in some locations. High relative humidity (RH) promotes the adhesion
of dust and the formation of sticky dust layers on PV surfaces. High RH also causes
more absorption of solar radiation by the enhanced concentration of water vapor in
the atmosphere, thereby causing a decrease in solar irradiance. Deserts near the
ocean may have dense fog in the morning, reducing DNI significantly. Furthermore,
over the course of time at a high humidity, biological species may start to grow
on the PV modules. These in turn trap fine dust particles (Haeberlin and Graf,
1998). Occasionally, these areas experience light rain, often called “dusty rain”, that
29
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Figure 2·5: The specular reflection losses for different orientations of
mirror specimens in Albuquerque, NM (Blackmon and Dixon, 1978).
The orientations of the mirror specimens are: (A) permanently face-
up, (B) face-up/face-down with astronomical timer, (C) near vertical
stow position with astronomical timer, (D) sensor face-up/face-down,
and (E) permanently face-down. The losses for the permanent face-up
specimen (A) is approximately 5 times that of permanent face-down
specimen (E).
scavenges the airborne dust particles and form sticky mud patches on the surfaces of
the collectors.
Comparing results obtained from two installation sites located in Cleveland, Ohio
(humid location) and Phoenix, Arizona (semi-arid location) (Hoffman and Maag,
1980b), it was observed that high RH plays a significant role in forming stronger bonds
between dust particles and silicon-rubber module surfaces, as highlighted by Mekhilef
(Mekhilef et al., 2012). As DNI decreases, Isc decreases linearly with irradiance level
and since Voc is not a strong function of irradiance, the efficiency of a solar cell
30
decreases as the humidity increases.
Touati et al. (Touati et al., 2012) have shown that the impact of RH is dependent
upon the type of PV module. In these studies, two commercially available monocrys-
talline (c-Si) and semi-flexible amorphous silicon (a-Si or a-Si:H) PV modules were
exposed to the outdoor environment in Qatar. It was shown that when temperature
or relative humidity increased, both PV modules experienced a drop in efficiency.
The effect of RH on the visible solar irradiance in the tropical Savannah region
of Sudan (latitude: 13.6◦N) and its impact on the performance of monocrystalline
silicon PV module was investigated by Gwandu and Creasey (Gwandu and Creasey,
1995). It was observed that when the wind speed is high (8:00 am to 11:00 am),
the RH was low. This trend reversed when the wind speed decreased (14:30 pm to
17:00 pm). The irradiance reaching the cell was shown to be a nonlinear function of
RH; DNI decreased monotonically as RH increased for RH values higher than 22%.
High wind velocity was found to reduce RH in the vicinity of the PV modules and
decreased cell temperature, consequently increasing cell efficiency.
2.4.4 Bird Droppings
One of the problems affecting the performance of PV installations is that of bird
droppings. This organic material blocks incident sunlight from reaching the cell. The
affected areas remain shaded until cleaned, thereby creating potential zones of hot
spots as the cells underneath act as load to the current output from the rest of the
series-connected cells. Metal frames are also subject to corrosion because of bird feces.
In semi-arid areas and in residential applications, bird droppings on PV modules can
be a limiting factor in the PV cell’s performance (Appels et al., 2012). According
to Hammond et al. (Hammond et al., 1997), who investigated the soiling effect on
three different solar installations in Phoenix, Arizona, the effect of bird droppings on
module performance was found to be more severe than that due to dust deposition.
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In deserts, dust accumulation is considered as the predominant factor in reducing
the panel performance, but at off-shore installations, bird nesting and droppings are
the most frequent limiting factors (Lamont and Chaar, 2011). Methods such as bird
control netting, bird spikes, audible bird scares, low-current electric barriers, and
nontoxic bird control products (Ballinger, 2001) are used widely in practice. Some
of the applied methods may become nonfunctional after a time, because birds can
quickly adapt themselves to these fictitious hazards. Satisfactory results were reported
in studies by Cano (Cano, 2011), in which metal spikes were used to keep the birds
away from PV modules.
2.5 Experimental Data on Soiling Losses
2.5.1 Laboratory Soiling Studies
In laboratory soiling studies, a controlled environment test chamber equipped with
a solar simulator to provide simulated sunlight and a pyranometer to measure and
control irradiance is used for simulating field conditions. The method is advanta-
geous since dust depositions can be controlled both with respect to the particle size
distributions and surface mass concentrations.
Figures 2·6 to 2·10 provide the results of some of the studies (El-Shobokshy and
Hussein, 1993), (Kaldellis et al., 2011), (Sulaiman et al., 2011), (Jiang et al., 2011),
and (Molki, 2010), respectively, focused on laboratory soiling studies of PV modules
and glass cover plates, and the effect of dust deposition on their performance. As
can be seen in Fig. 2·6, carbon particulates, found particularly in urban areas due
to incomplete combustion of fuels in industrial plants and automobiles, have severe
deteriorating effect on the performance of solar collectors. Such detrimental effect
caused by soot particulates were also observed in outdoor studies (Liqun et al., 2012)
and (Asl-Soleimani et al., 2001). Since carbonaceous particles arising from anthro-
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pogenic sources and forest fires are generally fine particles, they can travel a long
way. Three common air pollutants with relatively high light-absorption coefficients
are red soil containing oxides of iron, limestone, and carbon-based ash (combustion
products). Attenuation of light caused by these particles with different concentration
was studied by depositing test dust on polycrystalline silicon PV panels (Kaldellis
et al., 2011). The results are depicted in Fig. 2·7.
Figure 2·8 shows the effect of two types of test dusts: powdered dry mud and tal-
cum powder with thicknesses 41 µm and 101 µm, respectively, deposited uniformly
on different cover plates of PV modules. The subsequent soiling losses were deter-
mined using a clean PV module without any plastic covering as the control. Power
losses for the PV modules with mud and Talcum powder layers reach 18% and 16.2%,
respectively. Figure 2·9 shows the short-circuit current losses for monocrystalline
silicon (mono-Si), polycrystalline silicon (poly-Si), and amorphous silicon (a-Si:H)
PV modules with white glass (low iron content) and epoxy cover plates for a dust
concentration density of 10 g/m2.
To examine the effect of dust on the maximum output power loss of a PV cell,
different amounts of ground clay up to 4 g were deposited on a 12 cm × 8 cm cell
(Molki, 2010). Normalized maximum power output loss for different dust depositions
is illustrated in Fig. 2·10. In Fig. 2·10, the 0.1, 0.2, and 0.3 g depositions are asso-
ciated with 10.42, 20.83, and 31.25 g/m2 dust concentration densities, respectively.
Furthermore, Fig. 2·10 shows that as dust deposition density increases, the rate
of maximum output power loss decreases. Similar behavior of performance loss vs.
dust deposition density can be seen in other studies such as (Al-Hasan and Ghoneim,
2005). These studies are discussed in the next subsection.
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Figure 2·6: Normalized power and efficiency losses of PV panel caused
by deposition of three different sizes of limestone particles (denoted as L
I, L II, and L III), cement, and carbon with dust concentration density
of 25 g/m2 (El-Shobokshy and Hussein, 1993). The significant losses
of carbon particles compared to the others is attributable to the its
particle diameter of 5 µm.
2.5.2 Outdoor Soiling Studies
Table 2.2 provides a summary of soiling studies of outdoor exposure of solar collectors,
mainly PV modules and the effect of dust deposition on their performance. For each
of the studies listed in the table, (1) test location, (2) environment, (3) general climate
of installation site, (4) front surface of the solar collector, (5) tilt angle, (6) solar col-
lector type, (7) exposure period, (8) affected output(s) measured, and (9) maximum
recorded loss are given. In case of multiple data points in a study, only a few are listed
to show the trend. The majority of the experimental studies used glass cover plates;
the data presented here also include polyvinyl chloride (PVC), low-density polyethy-
lene (LDPE), and Tedlar R© (a product of DuPont R© containing fluoropolymer) used as
the front cover plate of the solar collectors. In Table 2.2, the terms PDMS, PC, PVF,
PE, PS, SG, BG, AG, SH, and SR, stand for Polydimethylsiloxane, Polycarbonate,
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Figure 2·7: Laboratory test results for three different dust types: ash,
limestone, and red soil with various concentration densities deposited
on polycrystalline silicon PV modules (Kaldellis et al., 2011).
 
 
Efficiency
Power
L
o
ss
[%
]
Mud Powder Talcum Powder
0
2
4
6
8
10
12
14
16
18
Figure 2·8: Power and efficiency losses for dry mud and Talcum pow-
der layers with thicknesses of 41 µm and 101 µm, respectively, deposited
on the plastic cover of monocrystalline silicon PV modules (Sulaiman
et al., 2011).
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Figure 2·9: Losses in short-circuit current for three different PV mod-
ules: monocrystalline silicon (mono-Si) and amorphous silicon (a-Si:H)
with white glass covers, and polycrystalline silicon (poly-Si) with epoxy
cover with dust concentration density of 10 g/m2 (Jiang et al., 2011).
Polyvinyl Flouride, Polyethylene, Proprietary Silicone, Soda-Lime Glass, Borosilicate
Glass, Aluminosilicate Glass, Silicone Hardcoat, Silicone Rubber, respectively. More-
over, in the exposure period column of Table 2.2, day, month, year are denoted as “d”,
“m”, and “y”, respectively. Most of the soiling loss studies have been reported for
flat-plate PV systems which include monocrystalline silicon (c-Si), multicrystalline
silicon (mc-Si), copper indium gallium selenide (CIGS), cadmium telluride (CdTe),
polycrystalline silicon (poly-Si), and amorphous hydrogenated silicon (a-Si or a-Si:H)
PV modules. In Table 2.2, T , Isc, η, Pout, and Voc denote transmission, short-circuit
current, efficiency, output power, and open-circuit voltage, respectively. To distin-
guish various climate conditions, the Ko¨ppen system, one of the most frequently
chosen climate classification systems, is used. The impact of soiling on solar concen-
trators used for photothermal plants and concentrated photovoltaic (CPV) modules
is also presented. Different geographical parts of the world with diverse climatolog-
ical conditions including deserts, semi-arid, and temperate climate zones have been
36
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Figure 2·10: Losses in maximum power output of a PV cell vs. dust
deposition (Molki, 2010).
covered from the available literature.
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In contrast to the plethora of research activities that focus on the impact of dust
accumulation on flat-plate PV modules, soiling studies on CSP and CPV systems are
very limited. A summary of natural soiling studies is provided in Table 2.3. For each
study, the table indicates (a) test location, (b) general climate at the installation site
based on Ko¨ppen climate classification system, (c) collector type, (d) orientation of
the collector, (e) outdoor exposure period, (e) affected output(s), and (f) maximum
recorded loss. In Table 2.3, SR, Isc, Pout, and η denote specular reflection, short-
circuit current, output power, and efficiency, respectively. Furthermore, in Table 2.3,
FEK is a trade name for aluminized acrylic sheet with a 0.003 cm layer of adhesive
backing, Alzak is a sheet of highly polished aluminum made by Alcoa Corp., X de-
notes geometric concentration ratio, and PMMA stand for polymethylmethacrylate.
Chronologically ordering the studies does not necessarily indicate when a study was
actually performed, because the range of exposure periods among the experiments
varied between one day and a few months.
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In general, most natural soiling studies on dust deposition are carried out with one
module cleaned on a regular basis, and others left unattended to collect dust. Energy-
yield losses versus time are reported based on experimental data obtained from the
un-cleaned and routinely cleaned collectors. El-Shobokshy et al. (El-Shobokshy et al.,
1985) emphasizes that solar collector exposure time in the natural environment is less
important than the amount of dust deposited on the collector surface. The latter
should be correlated to the efficiency degradation. The exposure time does not pro-
vide quantitative information on light attenuation vs. dust deposition, but it provides
important information about the dust deposition rate at the site’s geographical lo-
cation that is not otherwise available. Unfortunately, many studies in the literature
omit surface mass density of dust in g/m2 as a function of exposure time and the
composition of the particles.
El-Shobokshy et al. (El-Shobokshy et al., 1985) investigated the impact of dust
accumulation on a CPV-cell system in Riyadh, Saudi Arabia, where the mean dust
deposition rate during the test period was recorded as 0.387 g/m2/day. Figure 2·11
shows the decrease in short-circuit current vs. dust concentration density. As can be
observed in Fig. 2·11, a saturating behavior is observed in the losses in short-circuit
current. Similar saturating performance degradation has also been observed in other
studies like (Elminir et al., 2006).
Quantification of losses vs. dust concentration density has also been studied by
Al-Hasan and Ghoneim (Al-Hasan and Ghoneim, 2005), in which they installed two
polycrystalline PV modules at 30◦ tilt angle on the roof of a building in the College
of Technological Studies, Kuwait. One of the panels was cleaned regularly, while the
other one was made dusty using sand dust particles collected from the nearby desert.
Sand dust particles were sprayed using a fan blowing air onto the target PV module
so as to apply a nearly uniform dust layer on the cover plate. Figure 2·12 shows the
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Figure 2·11: The impact of dust concentration density on the nor-
malized short-circuit current of a CPV-cell system for solar insolation
intensity of 370 W/m2 (El-Shobokshy et al., 1985).
I−V characteristics of PV module tilted at 30◦ at three dust concentration densities.
For a dust concentration density of 1.5 g/m2, the losses in the Isc and maximum
output power are approximately 40% and 34%, respectively. Figure 2·13 also shows
the normalized efficiency, defined as the ratio between the efficiency of dusty to clean
modules, vs. dust concentration density. The estimated size of sand particles is
6.4 µm. The particle size distributions used by the authors in these experiments
corresponded well with measurements of particle size distributions for dust collected
from outdoor solar panel. As can be seen in Fig. 2·13, the rate of normalized drop in
efficiency decreases as the dust concentration density increases. Linear approximation
is only valid up to 1.5 g/m2. Similar observation has been reported in previous studies
(Al-Hasan, 1998) and (Hegazy, 2001).
Light transmission reduction as a function of dust concentration density was stud-
ied in (Boyle et al., 2013), in which some tempered glass plates were exposed outdoors
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Figure 2·12: I − V characteristics of PV module tilted at 30◦S with
three distinct dust concentration densities exposed outdoors in Kuwait
(Al-Hasan and Ghoneim, 2005).
at tilt angles of 0◦, 40◦, and 180◦ degrees (facing downward) in Commerce City, CO.
The location was chosen to take advantage of dust sources arising from local highway
construction as well as a nearby refinery. In order to eliminate the effect of rainfall
events, a sheltering rooftop was placed over the glass samples. Variation of the light
transmission efficiency vs. dust concentration shows a relationship similar to that re-
ported earlier by Hegazy (Hegazy, 2001). Linear approximation of the collected data
showed that for dust concentration densities less than 1.5 g/m2, the transmission
reduction was 5.8% per g/m2.
Figures 2·14 to 2·17 summarize some of the data presented in Table 2.2. These
data can provide PV system designers with information on the expected loss at each
geographical location. Maximum reported daily losses in transmission, efficiency,
short-circuit current, and power output are plotted vs. latitude for each region in
Figs. 2·14, 2·15, 2·16, and 2·17, respectively. In the case of multiple data points
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Figure 2·13: Normalized efficiency vs. dust concentration density
(Al-Hasan and Ghoneim, 2005). Linear approximation is valid up to
1.5 g/m2. The size of particles is estimated to be 6.4 µm.
for a particular location, only the maximum value has been considered in the plots.
Monthly and annual average of solar insolation vs. geographical location is provided
in (NASA Solar Insolation Incident On A Horizontal Surface, 2008). Excessive loss
of energy-yield is also indicative of local concentration of atmospheric pollutants,
as is shown in Fig. 2·17. Tehran, Iran experiences the maximum daily power loss
among the locations studied (Asl-Soleimani et al., 2001). This significant loss is
attributable to the severe air pollution of Tehran during the December time frame of
the experiment, when Tehran suffers from photochemical smog (Mohammadi et al.,
2012). The latter causes transmission loss due to atmospheric particulates. Another
example shows significant daily power losses in PV systems are not restricted to
installations in desert and arid areas. Specifically, Liquen et al. (Liqun et al., 2012)
report on a two-week exposure of six outdoor PV modules in Taiyuan, China. This
city also suffers from severe air pollution and suspended particles in the atmosphere.
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For PV modules tilted at 45◦ and 0◦, the output power decreased approximately 1.3%
and 2.32% per day, respectively, over this the relatively short exposure period.
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Figure 2·14: Maximum daily transmission loss for various latitudes
(the x-axis is not to scale). The locations in the order of increasing lat-
itude are: Singapore, Singapore (Hee et al., 2012), Bangkok, Thailand
(Mastekbayeva and Kumar, 2000), Abu Dhabi, UAE (El-Nashar, 2009),
Thar Desert, India (Nahar and Gupta, 1990), Minia, Egypt (Hegazy,
2001), Kuwait, Kuwait (Sayigh et al., 1985), Roorkee, India (Garg,
1974), Helwan, Egypt (Elminir et al., 2006), Pasadena, CA (Hoffman
and Maag, 1980b), Morges, Switzerland (Bonvin, 1995), and Leuven,
Belgium (Appels et al., 2012).
2.5.3 Cleaning Schedules
The cost of labor and water, particularly where the latter is scarce, as well as loss of
energy yield are the primary factors that determine the cleaning schedules required
to minimize cleaning cycles while maintaining system performance at an acceptable
level. Clearly, the cleaning schedules are dependent on the installation site, local
weather, surrounding vegetation, wind pattern and atmospheric dust concentration.
For instance, for the flat-plate collectors installed in Riyadh, Saudi Arabia (Sayigh,
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Figure 2·15: Maximum daily efficiency loss for various latitudes (the
x-axis is not to scale). The locations in the order of increasing latitude
are: Hong Kong, China (Pang et al., 2006), Abu Dhabi, UAE (Hanai
et al., 2011), Riyadh, Saudi Arabia (Salim et al., 1988), Dhahran, Saudi
Arabia (Said, 1990), Gran Canaria, Spain (Schill et al., 2011), and
Arava Valley, Israel (Boykiw, 2011).
1978), cleaning every three days is recommended to obtain satisfactory results. Simi-
larly, a cost/benefit analysis is provided in (Pavan et al., 2011) as a guide in choosing
a proper cleaning schedule.
To generalize the cleaning schedule, Mani and Pillai (Mani and Pillai, 2010) have
divided PV installation sites into three climate zones: low-, mid-, and high-latitude
regions. For any of these three zones, a cleaning cycle is recommended to improve PV
system performance based on the characteristics of PV installation, dust deposition
rate, and atmospheric conditions. For example, dry tropical zones in the latitude
range 15◦ to 25◦ in northern and southern hemispheres experience rare rainfalls and
numerous dust events. Weekly cleaning schedules for PV installations in these areas
are recommended as the minimum care needed to maintain consistent average power
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Figure 2·16: Maximum daily short-circuit current loss for various lo-
cations (the x-axis is not to scale). The locations in the order of increas-
ing latitude are: Dhaka, Bangladesh (Rahman et al., 2012), Riyadh,
Saudi Arabia (El-Shobokshy et al., 1985), Isa Town, Bahrain (Som and
Al-Alawi, 1992), Jodhpur, India (Pande, 1992), Arar, Saudi Arabia
(Ibrahim, 2011), Colorado Desert, CA (Caron and Littmann, 2013),
Mesa, AZ (Cano, 2011), Carrizo Plain, CA (Caron and Littmann,
2013), Southern Central Valley, CA (Caron and Littmann, 2013),
Davis, CA (Townsend and Hutchinson, 2000), Berkeley Springs, WV
(Maag, 1977), Cleveland, OH (Hoffman and Maag, 1980a), and Eugene,
OR (Ryan et al., 1989).
yield. In low latitude regions, where significant annual precipitation is expected,
natural cleaning by rain periodically restores PV cell efficiency.
2.5.4 Models for Predicting Energy-Yield Loss
Although soiling losses depend on many parameters, a number of modeling studies
have attempted to predict energy-yield losses for PV installations in different sites.
These models are based upon generalized results obtained in different installations in
order to simulate losses using predictive software. In order to obtain experimental
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Figure 2·17: Maximum daily power loss for various locations (the x-
axis is not to scale). The locations in the order of increasing latitude
are: Ogbomoso, Nigeria (Sanusi, 2012), Dhaka, Bangladesh (Rahman
et al., 2012), Abu Dhabi, UAE (Hanai et al., 2011), Riyadh, Saudi
Arabia (Salim et al., 1988), Dhahran, Saudi Arabia (Nimmo and Said,
1979), Libya (Mohamed and Hasan, 2012), Hermosillo, Mexico (Ca-
banillas and Munguia, 2011), Kuwait, Kuwait (AlBusairi and Mo¨ller,
2010), Los Angeles, CA (Kimber, 2007), Limassol, Cyprus (Kalogirou
et al., 2013), Tehran, Iran (Asl-Soleimani et al., 2001), Malaga, Spain
(Zorrilla-Casanova et al., 2013), Mountain View, CA (Lam et al., 2015),
Athens, Greece (Kaldellis and Kokala, 2010), New York, NY (Hoffman
and Maag, 1980a), Puglia, Italy (Pavan et al., 2011), Bern, Switzer-
land (Haeberlin and Graf, 1998), and Cologne, Germany (Becker et al.,
1997).
verification of such a predictive model for PV panels, Kaldellis and Kapsali (Kaldellis
and Kapsali, 2011) deposited red soil, ash, and limestone at various densities on poly-
Si PV modules in a laboratory setting, then exposed them to the outdoor environment
to collect data on power output vs. dust concentration. The studies show that their
theoretical model for energy loss calculation is consistent with experimental results,
although various parameters still need to be embedded into the model for more reliable
prediction of the energy loss.
Deffenbaugh et al. (Deffenbaugh et al., 1986) improved the predictive capability
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of existing models of solar industrial process heat (SIPH) systems by introducing a
factor that accounts for dust accumulation. The soiling factor was derived from data
obtained at six different plants, and it was assumed that the soiling factor rates are
the same for the location and collector types studied.
Soiling losses in a test center at Photovoltaics for Utility Systems Applications
(PVUSA) in Davis, CA during 1998 and 1999 were analyzed by Townsend and
Hutchinson (Townsend and Hutchinson, 2000). The results are used in simulation
software for studying losses at similar sites. In 1998, a wet El Nin˜o year, monthly
soiling losses up to 12% were observed in August 1998, when annual loss was observed
to be 4%. In 1999, a year with scant precipitation, monthly losses reached up to 20%
in September, and annual losses increased to 7%. Based on these observations, annual
soiling losses of 6%, 7%, and 4% were considered for normal, northern California dry,
and wet years, respectively.
To generalize the impact of soiling on PV systems, Kimber et al. (Kimber et al.,
2006) studied the performance of sample PV sites in various environments in an
attempt to find a soiling pattern. Because natural precipitation was considered as
the only cleaning agent in this study, the frequency of rainfall events, particularly
the amount of precipitation and its role in increasing the efficiency, were considered
as major factors. The authors developed empirical model that include three main
components:
(i) site-dependent performance degradation rate,
(ii) minimum amount of rainfall in one day for a full efficiency restoration, and
(iii) number of days that the system is relatively clean since last fully restoration by
rain.
The average annual loss prediction varies from 1.5% to 6.2% for eight different PV
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installation sites in California, Nevada, and Arizona. The model has been validated
in (Kimber, 2007) through evaluation of soiling losses in three identical rooftop PV
system installations in the area of Los Angeles, CA.
In a recent study by Caron and Littmann (Caron and Littmann, 2013), energy
loss due to dust deposition on the First Solar flat-plate PV modules in three different
regions in Desert Southwest, California were examined. These three sites include (1)
Southern Central Valley, a dry agricultural region, with the maximum loss level of
8.6% recorded in August 2011 attributed to increase of farm activity and fewer rainfall
events in the summer months, (2) Carrizo Plain, a dry agricultural region with the
maximum loss of 5% in August 2011, and (3) Colorado Desert, an arid region with
maximum recorded loss of 2.8% in June 2011. Using the soiling rates in these three
monitoring sites, together with the meteorological data, the authors estimated the
dust accumulation losses at similar sites in further months.
2.6 Dust Cleaning Agents
2.6.1 Natural Cleaning Processes
Rainfall is considered to be the most efficient natural cleaning agent for removing
contaminant particles from PV surfaces, thereby restoring the performance of the
modules. Experiments performed by Appels et al. (Appels et al., 2012), Haeberlin
and Graf (Haeberlin and Graf, 1998), and Ryan et al. (Ryan et al., 1989) in the
cities of Leuven (latitude: 50.88◦N), Belgium, Bern (latitude: 46.9◦N), Switzerland,
and Eugene (latitude: 44◦N), OR, demonstrated the significant restorable effects of
sufficient rainfall that makes the regular manual surface cleaning unnecessary. The
frequent rainfall in these places is distributed over the year. For solar collectors with
sun tracking systems, the position of each collector must be tilted to aid cleaning
by rain. In these systems, the stowing position, i.e. face-up to facedown position,
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also makes a significant difference in the ability of rain to clean particulates. For
nearly horizontal positions, light rainfall which includes soluble salt usually leaves
undesirable water spots. After a period of exposure time, these dusty spots build up
as residues, forming strongly adhering dust layers that cannot be removed without
mechanical detergent scrubbing (Bethea et al., 1981). Changing the stowage position
of PV panels so as to fully utilize the cleaning effects of rain is feasible only for PV
installations equipped with tracking systems.
In order to see the impact of rain in the specular reflectance of mirror samples,
Freese (Freese, 1978), exposed a second surface mirror sample from a heliostat to
the outdoor environment of Albuquerque, NM continuously for 200 days without
cleaning. As can be seen in Fig. 2·18, a noticeable drop was observed in the course
of the experiment on day 154, when the reflectance dropped from 0.846 to 0.720.
This significant drop can be attributed to a light rain followed by dusty and windy
conditions that decreased the reflectance of the mirror. After two days, however, rain
increased the reflectance by 0.121 reflectance units (from 0.702 to 0.823). In general,
light rain often leaves a spotty appearance on collector surfaces, particularly on those
having a low inclination angle. After a period of time, the spotty surface decreases
the specular reflectance of the exposed mirror (Bethea et al., 1981). The day after
either manual or natural cleaning, the specular reflectance drops significantly.
As stated before, dusty rain forms a sticky mud layer that is detrimental to module
performance (AlBusairi and Mo¨ller, 2010). To restore system efficiency, immediate
cleaning after such events is indispensable. AlBusairi and Mo¨ller” (AlBusairi and
Mo¨ller, 2010) have clearly shown the potentially degrading impact of rain: light
rainfall made the performance worse.
The wind also has a dual role in the overall performance of PV cells. Wind carries
dust and causes soiling of the solar collectors; indeed, it is the primary means of
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Figure 2·18: Specular reflectance vs. exposure days for a second sur-
face silvered mirror sample, tilted at 45◦ with respect to horizontal and
faced south. Based on a weekly measurement of specular reflectance,
losses up to 24.5% was observed for this mirror in the exposure period
(Freese, 1978).
global transport for airborne particles. On the positive side, wind can reduce overall
soiling by removing larger dust particles from collector surfaces. In addition, for
PV modules made with c-Si solar cells, the cell temperature decreases as the wind
velocity increases, thereby improving the efficiency of the system. High wind velocity
also reduces the ambient relative humidity, leading to higher cell efficiency (Mekhilef
et al., 2012). Higher wind velocity also helps in drying the moisture layer that may
form between the dust particles and the surface of the collector, thereby decreasing
the adhesion of dust to the surface. As noted by Cuddihy (Cuddihy, 1980), however,
the wind cleaning effect is not very effective for particles smaller than 50 µm, because
smaller particles adhere to the surface and resist removal by wind forces, even at
air velocities greater than 50 m/s. At 40% relative humidity, wind velocity of 100
m/s removed approximately 10, 30, 65, and 90% of the deposited particles with sizes
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smaller than 3.5, 10, 25, and 50 µm, respectively (Cuddihy, 1983).
Generally, higher wind velocity will deposit more dust on a PV module surface in
a dusty environment. The study by Goossens and Van Kerschaever (Goossens and
Kerschaever, 1999) investigated the effects of dust concentration and wind velocity
on the performance of a PV cell. In their study, mono-Si PV panels were installed
horizontally, parallel to the wind flow direction, inside a wind tunnel. Under outdoor
conditions, wind speed generally increases with an increase in installation height. For
example, the cleaning effect of wind is more prominent for PV panels installed at a
relatively higher level above the ground (Cano, 2011). In addition, wind direction
relative to the azimuth angle of the solar collector plays an important role in dust
settlement and distribution. As discussed by Goossens et al. (Goossens et al., 1993),
wind direction and collector position have been shown to have even more crucial
impacts, compared to the effects of wind velocity on collector performance in wind
tunnel simulations and subsequent field experiments in the Negev desert, Israel.
2.6.2 Manual Cleaning with Water
Cleaning with tap (or distilled) water, often mixed with detergent, followed by wiping
with a soft cloth is the most common practice for cleaning PV panels in small-scale
installations (Mohamed and Hasan, 2012), (Zorrilla-Casanova et al., 2013), (Becker
et al., 1997). For large-scale PV plants, however, high-pressure water jets, followed
by brushing, has been reported in many investigations (El-Nashar, 1994), (El-Nashar,
2003), (Pavan et al., 2011), (Kimber, 2007). It is considered one of the most effective
cleaning methods among the existing practices, because it is less harmful to the
collector surface, is economical, and has minimal environmental impact. In a heliostat
installation at the Naval Weapons Center (NWC), China Lake, CA (Blackmon and
Dixon, 1978), the cleaning procedure consisted of the following steps:
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1. The reflector was positioned at 70 degrees, faced Northeast, North, and again
Northeast for morning, mid-day, and afternoon washing, respectively, to mini-
mize spotting of the surface due to fast drying of washing solution.
2. The reflector surface was sprayed with a washing solution.
3. The reflector surface was rinsed completely with deionized (DI) water after
approximately one-minute soak time.
The washing solution was used instead of tap water, because tap water usually leaves a
spotty surface dependent upon its minerals. Without using deionized water, sheeting
agents like the ones used in household dishwashers can avoid such spots.
Most of the non-contact cleaning mechanisms have been able to restore 98% of
the original reflectivity in the concentrated solar collectors. The 2% loss is attributed
to not scrubbing the collector’s surface or not using hydrofluoric acid, which is harm-
ful for the environment (Morris, 1980). Furthermore, non-contact cleaning methods
have been unable to remove the tenacious layer of soil on the mirror surfaces, which
developed due to presence of moisture and specific types of soil (Randall and Mor-
ris, 1981). In the experiments that Randall and Morris (Randall and Morris, 1981)
performed in Lovington, NM, they observed that increasing the cleaning frequency
significantly decreased the rate of soil layer formation but it did not completely stop
it. Obviously, increasing the cleaning frequency adds to the maintenance cost.
The effectiveness of brushing after washing has been clearly demonstrated by
Pavan et al. (Pavan et al., 2011). In their experiments, panels in two large-scale (1
MWp) plants in Puglia, Italy were cleaned using high-pressure distilled water, but
panels in one plant were also brushed after washing. Data acquisition performed
before and after cleaning events during 2010 showed that the cleaning procedure
increased output power of the plant followed by brushing to 6.9% as opposed to only
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1.1%, without brushing. The primary reason for this relative efficiency increase is that
highly adhered fine particles were removed only with brushing. Notwithstanding the
improving effect of brushing, excessive surface scrubbing will eventually degrade the
performance of the system by scratching the glazed surface of the PV panels. Such
surface degradation could be more detrimental for mirror surfaces in concentrated
solar collectors (Freese, 1979). The authors concluded that scrubbing must proceed
as a delicate process that must be performed with extreme care.
The earliest works reporting cleaning of PV modules with detergents go back to
the late 1970s and early 1980s (Hoffman and Maag, 1980b), during which cleaning
methods in three different centers were reported: (1) NASA Lewis research center
wherein Alconox-Tide solution was used with a scrub cloth, followed by rinsing with
tap water and drying, (2) MIT/Lincoln Laboratory where Alconox solution was ap-
plied with a sponge, rinsed with tap water, and dried by a squeegee, and (3) Jet
Propulsion Laboratory where a water-based degreaser was applied with a sponge and
rinsed with tap water. These methods of water cleaning were found to be effective.
One recent work studying surfactants was published by Abd-Elhady et al. (Abd-
Elhady et al., 2011). These studies were conducted in a laboratory environment using
three types of surfactants: anionic (Sodium docecyl Sulphate), cationic (Cetylpyri-
dinium Bromide), and zwitterionic (Tween-80). Surfactants anionic, cationic, and
zwitterionic have hydrophilic heads of negatively charged, positively charged, and
two oppositely charged groups, respectively. Surfactant is sprayed through a nozzle
on dusty samples, and the results are analyzed using light microscopy images. The
authors concluded that anionic, followed by zwitterionic, and then cationic were the
most influential surfactants for removing deposited sand particles. This order was
reversed for carbon particles deposited on the glass surfaces. To get the best surface
cleaning results, a mixture of anionic and cationic is recommended. This recommen-
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dation has been utilized in studies by Moharram et al. (Moharram et al., 2013),
in which the concentration of each surfactant was 1 g/l of sprayed water, and the
mass ratio of the anionic to cationic components was 1:1. More details of the clean-
ing system used in (Moharram et al., 2013) are provided in section 2.6.3. Figure
2·19 compares the efficiency of PV systems subjected to two cleaning methods: (i)
non-pressurized water without surfactant, and (ii) non-pressurized water with surfac-
tant. The efficacy of cleaning using water with surfactant is almost constant, while
it decreases as a function of cleaning cycles when no surfactant is used. A linear ap-
proximation shows that daily efficiency reduction is almost 0.14% for surfaces cleaned
with only water. The discrepancy in the initial efficiency of the PV system in Fig.
2·19 is attributed to the deteriorating effect of higher temperatures during the second
45-day period of cleaning using surfactant.
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Figure 2·19: Efficiency of PV system installed in Cairo, Egypt, after
45 days of cleaning using non-pressurized water without surfactant, and
non-pressurized water with surfactant (Moharram et al., 2013). Both
cleaning methods were conducted for 10 minutes daily over a period of
45 consecutive days, albeit at different times of the year.
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The effectiveness of surfactants on different types of soiling over the entire particle
size distribution was considered by Abd-Elhady et al. (Abd-Elhady et al., 2011). In
large-scale field studies, however, these detailed methods with controlled composition
of cleaning solutions are most probably unattainable. Effects of detergents, their
chemical properties, and potential side effects on the surfaces over long time periods
are comprehensively discussed by Miller and Kurtz (Miller and Kurtz, 2011).
Although several advantages are associated with the normal routine of using high-
pressure spray, as currently practiced in solar fields, this cleaning mechanism requires
a significant amount of water, which is scarce at the most solar sites situated in
arid environments. Also, manual cleaning methods require teams of experienced
technicians to perform the operations. In addition, labor cost is a further prohibitive
factor. According to the detailed cost analysis conducted in (Sheratte, 1979), labor
cost comprises 45.7% of cost among different governing parameters for the cleaning
reflective surfaces using the high-pressure spray method. Table 2.4 summarizes these
results. Although cost is a function of many parameters, including inflation and
geographical location, Table 2.4 provides a good representation of the percentage of
each sector toward the total cost.
Table 2.4: Cost analysis for the high-pressure spray method (Sheratte,
1979).
Item Percent of Cost
Materials
Water (at 300 psi) 2.4
Sheeting Agent (at 200 ppm) 1.4
Fuel 20.5
Labor 45.7
Equipment
Maintenance 4.8
Capital Expenditures 25.2
Total 100.0
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2.6.3 Automated Cleaning Systems
The cleaning procedure consists of labor, water resources, and cleaning solutions,
in which both labor and water comprise the major fraction of the cost of cleaning.
Numerous attempts using computer-controlled mechanical devices have been made to
automate the procedure in order to minimize water usage and maintain PV module
efficiency at an acceptable level.
In order to maximize the energy output of a PV module, an integrated single axis
sun tracking system equipped with a cleaning mechanism was designed and tested,
as reported in (Tejwani and Solanki, 2010). The azimuthal angle tracking system,
comprising a microcontroller, stepper motor, and gear box, starts its rotation from
an initial perpendicular-to-ground position at 6 AM, and completes its 360◦ rotation
in 24 hours using steps of 15◦, maintaining its normal angle to sun radiation during
the day. The PV module surface becomes perpendicular to the ground twice a day.
At these times, a brush fitted on a sliding rod cleans the system, rotates, then follows
an upward-downward path due to gravity. Hence, the PV module is brushed twice a
day in this configuration. The efficacy of the design was corroborated by comparing
daily energy output, whereby the tracking module with cleaning equipment showed
a 15% increase compared to that of a module equipped only with a tracking system.
To maintain the proper functionality of stand-alone PV systems installed on off-
shore wellhead towers in United Arab Emirates, two automated techniques: Pro-
grammable Logic Controller (PLC) and microcontroller-based mechanisms have been
tested to keep birds away from PV arrays (Lamont and Chaar, 2011). Since the main
performance-limiting factor in such wellhead-tower installations is due to bird drop-
pings, using abrasive cleaning methods, i.e. wiping/brushing the soiled surface, seems
indispensable. Both of these systems share the same mechanical movement pattern
to clean the surface. In PLC based systems, desalinated seawater is used for main-
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taining the tilted surface wetness when the wiper moves. The microcontroller-based
cleaning system has been equipped with a water tank to spray the surface before the
cleaning wiper initiates the three complete cycles.
One automatic cleaning method was developed by SolarWash (SolarWashTM: the
Automated Solar Panel Cleaning System, 2015), whereby nozzles are placed along the
top of the PV arrays. Upon activation, these nozzles spray cleaning solution when
commanded by a microprocessor. Although satisfactory results have been achieved
for small-scale PV installations, this method still faces some challenges. Scalability
for large PV plants, significant amounts of water and consequent water evaporation
at high ambient temperatures, and the non-uniformity of flowing water on the lower
sections of the array modules are some of technical challenges of this method.
Moharram et al. (Moharram et al., 2013) have followed a similar approach as
discussed in (SolarWashTM: the Automated Solar Panel Cleaning System, 2015).
They installed water nozzles at the top of mono-Si PV modules exposed outdoors
in German University in Cairo (GUC), Egypt. These nozzles sprayed water on the
panels.In oder to recycle water, they collected water in an underground tank using a
drainpipe at the bottom of the PV panels. Since collected water carries accumulated
dirt from PV panels, the suction pipe for intake is placed at the center of the tank so
that the sediments are not returned to the intake water for cleaning. The water can be
recycled and partially filtered by gravitational sedimentation within the storage tank.
Water cleaning also reduced the temperature of the solar cell: increasing Voc. Using
this water cleaning process, it was possible to restore PV system efficiency significantly
after soiling. Based upon an approximate 10% loss in initial water loading over the 45
days period of operation, the daily water consumption for cleaning 1 m2 of PV panels
was approximately 0.047 l. Water consumption increases to 15.89 l/m2 without the
water recycling system.
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Similar to the window cleaning robot made by RobuGlass (Kochan, 2005), An-
derson et al. (Anderson et al., 2009), developed PVCleaner Robot, a PV surface
cleaning robot. It consisted of two moving trolleys attached to the top and bottom
of the panel and one cleaning head moving upward and downward while brushing the
surface. Cables connecting the cleaning head to the trolleys provide movement for
brush rotation while guiding the cleaning head to follow a “square-wave” cleaning
pattern. During the initial tests, a cleaning rate of 2.33 m2/min using 0.58 l/m2
was recorded. Since a water-restoring mechanism was employed in surface brushing,
efficiency in water usage was improved approximately 100 times compared to water
spraying method.
Robotic cleaning reduces water consumption but increases installation and main-
tenance costs. This point has been clearly shown by Ju and Fu (Ju and Fu, 2011). In
their study, two identical monocrystalline PV systems were exposed to the outdoors
in Shenzhen, China. One of the PV systems was equipped with a motorized, me-
chanical cleaning system comprised an electrical motor and a brush with water spray,
while the other was left unattended to be cleaned by natural precipitation. The PV
system equipped with cleaning system yielded more output power, compared to the
naturally-cleaned PV system. However, operating cost of the cleaning system includ-
ing water and energy consumed by the motors, was found to be higher over the same
test period.
2.6.4 Effect of cover-plate materials and surface treatment
The passive cleaning methods consist of using a surface modification of transparent
cover plates either by decreasing adhesion of dust particles or by improving wettability
(surface energy) of the front surface for efficient water cleaning.
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Cover-plate materials
The most common cover plate, low-iron glass, has proved its durability and ability to
protect surfaces against damaging effects, such as hail, over long time periods. In one
of the earliest works on this topic, performed by Garg (Garg, 1974) in Roorkee, India,
he observed that plastic cover plates accumulate more dust relative to glass plates
due to their electrostatic characteristics. Furthermore, for long exposure periods, the
transparency of the plastic films degrades due to ultraviolet radiation, changing their
color and increasing opacity. To study the effect of cover plates on solar panel instal-
lations in Riyadh, Saudi Arabia, three identical cells of glass, Perspex (or acrylic),
and no cover were examined (Sayigh et al., 1979). It was noted that plastic covers
were not stabilized against UV radiation, and eventually their color changed from
transparent to yellow. Additionally, long-term exposure of plastic covers to excessive
heat made them brittle.
Nahar and Gupta (Nahar and Gupta, 1990) investigated the affects of soiling on
the transmissivity of glass, acrylic, and polyvinylchloride (PVC) glazing materials.
Figure 2·20 shows the transmission reduction for samples tilted at 0◦, 45◦, and 90◦
subject to different cleaning schedules. Experimental data, shown in Fig. 2·20, indi-
cate that PVC is the most inferior cover plate compared to acrylic and glass materials
for the same tilt angle and cleaning cycle. For example, the maximum and minimum
transmission losses of PVC samples tilted at 90◦, cleaned weekly, show approximately
2 and 4 times more, respectively, compared to glass samples oriented vertically over
the same time period and cleaning cycle. In addition, it was noted that horizontally
tilted PVC samples degraded after 305 days of exposure, because they were unstable
under ultraviolet radiation (Figs. 2·20(d,f)).
Along similar lines, Sayigh et al. (Sayigh et al., 1985) exposed several 4-mm thick
window glass and 2-mm thick plexiglass (acrylic) samples to the outdoors in Kuwait,
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and transmission loss was tested. Glass samples tilted at 0◦, 15◦, and 30◦ exhibited
transmission losses of 64%, 48%, and 38% in 38, 35, and 33 days, respectively, while
transmittance reductions in Plexiglas specimens tilted at 0◦, 15◦, and 30◦ were found
to be 80%, 46%, and 22% after 36, 31, and 23 days, respectively. Figure 2·21 shows
the behavior of glass and Plexiglas samples during exposure in Kuwait.
0◦, glass
15◦, glass
30◦, glass
45◦, glass
0◦, plexiglass-G
15◦, plexiglass-G
30◦, plexiglass-G
45◦, plexiglass-G
Exposure Days
T
ra
n
sm
it
ta
n
ce
R
e
d
u
ct
io
n
[%
]
0 10 20 30 40
0
10
20
30
40
50
60
70
80
90
100
Arash Sayyah
August 22, 2015
1
Figure 2·21: Transmittance reduction for glass and plexiglass-G spec-
imens exposed outdoors in Kuwait (Sayigh et al., 1985).
The impact of dust on the short-circuit current Isc of PV modules using four
different glazing materials: glass, silicone hardcoat, and two silicone rubbers, were
studied by Hoffman and Maag (Hoffman and Maag, 1980b) in Pasadena, CA. Losses
in Isc of PV modules with the aforementioned materials as covering layers over a 270-
day exposure period are shown in Fig. 2·22. After 270 days of exposure, the losses
in Isc were 12.5% and 32% for PV modules with glass and silicone rubber as front
surfaces, respectively. As the rainy season started in the next cycle (not depicted in
Fig. 2·22), the short-circuit current of the PV module with a glass cover was fully
restored.
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Figure 2·22: Reduction in Isc for four different glazing materials ex-
posed outdoors in Pasadena, CA (Hoffman and Maag, 1980b). Note
the x axis is not to the scale.
Surface treatment (coating)
The performance of low-soiling coatings tested as seven different locations across the
US over a 28-month study period is provided comprehensively by Cuddihy et al.
(Cuddihy et al., 1986). Reduction in Isc was measured to quantify the performance
degradation of the cover materials. The candidates for the surfaces were low-iron
glass, Tedlar R© fluorocarbon film (DuPont R© Co., 100BG3OUT), and a biaxially ori-
ented acrylic film Acrylar (3M Corp., X-22417). To examine the effect of coating,
two fluorocarbon coatings were considered:
(i) L-1668: an experimental flourochemical silane produced by 3M Corp. and
(ii) E-3820-103B: an experimental coating of Perfluorooctanoic acid chemically re-
acted with a Dow Corning silane, Z-6020.
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Figure 2·23(a) shows the reduction in Isc for the Tedlar R©, Acrylic, and glass
samples with and without a fluorocarbon anti-soiling coating E-3820. Short-circuit
current losses were as high as 10% and 12% for uncoated Tedlar and Acrylic samples,
respectively, while uncoated glass samples experienced losses up to 5%. Using an E-
3820 coating yielded maximum losses in Isc of 3.5%, 5%, and 3.8% for coated Tedlar,
Acrylic, and glass samples, respectively. The soiling data averaged over the 28-month
study period are provided in Fig. 2·23(b). The glass, Tedlar, and Acrylar control (no
coating) samples had optical losses of 2.65, 5.38, and 7.20%, respectively while coated
samples with E-3820 showed 41.5%, 68.4%, and 38.33% improvement compared to
uncoated ones. Therefore, the glass sample outperforms Tedlar and Acrylic samples,
and coating with E-3820 further improves its performance.
Bonvin (Bonvin, 1995) used five different glass types, viz., Solite, Optiwhite, Op-
tiwhite covered with Tefzel R©, Optiwhite with hydrophobic coating Glasscad R©, and
Optiwhite with a special coating called Clear Shield to study the effects of dirt on
loss of transparency for flat-plate PV panels installed near the railway station of
Morges, Switzerland. Among tested glass materials, the Optiwhite glass showed the
best resistance to dirt deposition.
Among the recent outdoor studies, Cabanillas et al. (Cabanillas and Munguia,
2011) observed that dust deposition decreased the maximum power of a-Si, mono-Si,
and poly-Si PV modules by 14%, 8.5%, and 5.2%, respectively, after outdoor exposure
in Hermosillo, Sonora, Mexico, for 20 days. The front cover of the a-Si PV module was
plastic, while mono-Si and poly-Si PV modules were equipped with glass covers. The
significant maximum power decrease in a-Si:H photovoltaic module is attributable to
its plastic cover, which attracts and holds dust particles more than does glass due to
the force of electrostatic attraction.
67
 
 
 
 
 
 
E-3820
No coating
E-3820/Ozone
No coating
E-3820
No coating
I
sc
L
o
ss
[%
]
Exposure Time [month]
Glass
I
sc
L
o
ss
[%
]
Exposure Time [month]
Acrylic
I
sc
L
o
ss
[%
]
Exposure Time [month]
Tedlar
0 5 10 15 20 25 30
0 5 10 15 20 25 30
0 5 10 15 20 25 30
0
2
4
6
0
5
10
15
0
5
10
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(b) Soiling data averaged over 28-month study period for
Tedlar, Acrylar, and Glass samples with different coatings.
Figure 2·23: Soiling data of PV modules with different cover materials
and coatings (Cuddihy et al., 1986)
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Similar outdoor experiments were conducted to evaluate the performance of dif-
ferent coating materials, specifically mono-Si and a-Si cells covered with white glass,
and poly-Si with an epoxy cover. These samples were tested in a laboratory environ-
ment using a test chamber and sun simulator (Jiang et al., 2011). The dust deposited
on the poly-Si cell covered with epoxy was more than the other cell types with glass
surfaces.
In addition to cover material, coating can influence the dust deposition rate signifi-
cantly for tilted surfaces. Appels et al. (Appels et al., 2012) performed an experiment
in which coated glass samples were tilted at 35◦ and exposed for three weeks to the
outdoor environment in the city of Leuven, Belgium. The purpose of the tests was
to examine the effects of coating on transmission loss. For glass samples with anti-
reflection (AR), self cleaning (SC), and multilayer (ML) coatings, the transmittance
reductions were found to be 1.75%, 1.30%, and 0.85%, respectively, while the uncoated
glass sample showed 2.63% transmission loss. Although thorough performance eval-
uation of these coatings will require much more exposure time, the glass sample with
multilayer (ML) coating showed better performance over three weeks of exposure.
In Singapore, TiO2 was coated on two sample glass slides in two different thick-
nesses of 40 nm and 60 nm to study optical transmission losses (Hee et al., 2012).
Initial transmission of uncoated glass slide, and coated slides with 40 and 60 nm TiO2
coating were measured as 90.86%, 90.15%, and 89.15%, respectively, while their opti-
cal transmission decreased at the rate of 0.261%, 0.231%, and 0.167%, per day after
10 days of exposure. Better transmission loss rate of coated glass slides is attributable
to the self-cleaning effect of the TiO2 coating which helps rain to remove deposited
dust particle more effectively from do glass slides. Notwithstanding the fact that the
sample with a 60 nm coating showed slightly less initial transmission compared to
uncoated and coated glass with 40 nm coating, the rate of transmission loss is smaller
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and will hopefully continue, indicating superior performance over longer exposure
periods.
For photovoltaic modules exposed to outdoors in Arizona, 5% efficiency improve-
ment was observed in modules treated with a hydrophilic anti-soiling coating (Brown
et al., 2012).
Piliougine et al. (Piliougine et al., 2013) evaluated the effect of anti-reflective and
anti-soiling coatings on polycrystalline PV modules exposed outdoors for one year at
the University of Ma´laga, Spain. The coating material, a product of the Asahi Kasei
Corporation, is a composition of metal-oxide nanoparticles and a binder of hybrid
polymer. Six poly-Si PV modules of the same type and manufacturer, divided into
two groups, three with coating and three without, were selected for the experiment.
From the start of the experiment in November 2010 until May 2011, the short-circuit
current losses for both coated and uncoated PV modules were less than 3% due to
the restorative effect of natural precipitation, while losses monotonically increased
in the summer months when the area experienced no rainfall at all. Transmission
losses during summer months increased to 10% for coated and 12% for uncoated PV
modules. Figure 2·24 shows the soiling losses for the coated and uncoated PV modules
during the study period. As can be seen in Fig. 2·24, in August and September,
when the rate of dust accumulation is highest and rainfall is lowest, both coated
and uncoated modules show significant soiling losses, whereas the difference is more
prominent in June and July months. During the one-year exposure period, coated
PV modules showed average daily soiling losses of 2.5%, while uncoated modules an
a daily average of 3.3%.
If textured glass is used as a front surface for PV modules, their performance will
increase due to a decrease in reflection losses (Nositschka et al., 2007). In the exper-
imental PV facilities at the University of Ma´laga, Spain, Piliougine et al. (Piliougine
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Figure 2·24: Monthly soiling losses for coated and uncoated poly-Si
PV modules (Piliougine et al., 2013).
et al., 2008) compared the dust accumulation rate of two different textured glass sur-
faces, with non-textured glass as the front cover of monocrystalline PV modules. The
south-facing modules were inclined at 30◦. After one year of exposure, no significant
difference in soiling losses was observed between textured glass and non-textured glass
surfaces.
2.6.5 Emerging Cleaning Methods
Automated cleaning processes, particularly those that do not require water, are most
desirable for maintaining the high efficiency of solar plants in dusty environments.
Most of the processes applied to date use complex mechanical and motorized mech-
anisms, which are not yet well established as scalable, economical, or reliable. It is
often difficult or impractical to have a team of technicians available for maintaining
operation of the cleaning robots, particularly at stand-alone installations in remote
areas. Large-scale cleaning operations with water followed by scrubbing require large
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amounts of water annually, the use of specially designed vehicles, and an experienced
operations team. Such methods are expensive and difficult to implement when fresh
water is in short supply. In many large-scale solar plants, cleaning must performed
using desalinated seawater, leading to added energy load.
The cost of water and labor has the potential to be a significantly prohibitive
factor, as has been highlighted by Ju and Fu (Ju and Fu, 2011). The arid nature
of site’s location exacerbates the use of water resources, which may needed for other
vital functions in the surrounding community. An analysis by Sheratte (Sheratte,
1979) shows that labor represents about 45.7% of the total cleaning cost at a CSP
plant at the Naval Weapons Center (NWC) in China Lake, CA. A high-pressure spray
method is used at this facility.
One alternative approach for cleaning using electrostatic forces for dust removal
is currently being studied. The fundamental principle of the so-called electrodynamic
screens (EDS) was introduced in 1970s at the University of Tokyo by Masuda et al.
(Masuda et al., 1972), (Masuda and Matsumoto, 1973) that showed that a traveling
wave of electric field could convey charged aerosol particles in a traverse direction.
The method has since been improved and advocated by researchers for removing dust
from solar panels in future space exploration missions (Calle et al., 2009b), (Atten
et al., 2009), (Sharma et al., 2009), (Mazumder et al., 2006). An EDS consists of a
series of alternating electrodes embedded in a transparent dielectric film and applied
to the surface of the solar collector. The dust removal process requires no water or
moving parts, and it can be implemented as frequently as needed without interrupting
the operation of the plant.
Transparent electrodes can be deposited on the glass cover plates of PV modules
or on the front surface of the solar mirrors. The dielectric film coats and protects the
electrodes from environmental degradation. The electrodes are activated by three-
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phased, low frequency voltages of about 1-kV magnitude. The activated electrodes
produce an electric field on the surface of the dielectric film that varies with time and
space. This non-uniform electric field exerts Coulomb and dielectrophoretic forces on
the any particles residing on the surface. The dust particles become charged and are
levitated by the Coulomb force. The traveling wave transports the particles laterally
across the surface and off the solar collector. The process restores the function of the
now clean collector.
Depending upon the activation method, single-phase or multi-phase, standing-
waves or traveling-waves, respectively, can be generated to repel and convey particles.
The electric field varies with respect to both time and space, thus providing both lift
and transport forces that move away the dust particles.
The dust removal efficiency for an EDS clearing Mars simulant dust has been
shown to be more than 80% using three-phase electrode activation (Mazumder et al.,
2006). Significantly, the power required to energize the EDS electrodes is only about
10 W/m2 for each panel during activation time. Moreover, constant activation is
not needed. Just a few minutes each day can be sufficient. Given that the power
generated by the typical solar panels is about 800 W/m2 during maximum solar
insolation hours, the power needed by the EDS a negligible fraction of the power
produced by the solar panel itself.
Although the EDS was developed initially for removing dust in space exploration
applications, recent studies are emerging that aim to adopt the EDS for dust removal
from solar panels installed on Earth. Different parameters adversely affect EDS op-
eration in solar plants, including small particle size, adverse chemical composition,
and high relative humidity. The latter is not a significant issue in space exploration,
but it is a major factor in terrestrial applications of EDS technology.
In fabrication and experimental performance evaluations of EDS, Mazumder et al.
73
(Mazumder et al., 2011; Mazumder et al., 2013) deposited line electrodes 50 to 100
µm in width on a glass substrate, followed by a thin coating of dielectric material such
as polyurethane (PU) or Ethylene Tetrafluoroethylene (ETFE). Three-phase voltages
between 700 and 1000 Vp-p in magnitude were then applied to charge deposited dust
particles and remove them from the solar-panel surface. Figure 2·25 shows a schematic
view of the EDS in operation. Dust removal efficiency of more than 90% was achieved
for an EDS activation time of less than a 2 minutes, restoring more than 98% of the
original power.
ITO electrode
width
PU 
coating
Transparent glass 
substrate 
Electric field
lines
Charged dust particle
Figure 2·25: The cross section of the Electrodynamic Screen (EDS)
(Mazumder et al., 2011).
In a recent study by Kawamoto and Sibata (Kawamoto and Shibata, 2015), wire
electrodes were embedded in the cover glass plate of a solar panel and activated
through a single-phase voltage source. The electrodes were first placed on a 3-mm
thick glass substrate, then covered with a 0.1-mm thick glass plate to prevent insu-
lation breakdown. Because single-phase voltage pulses were used, dust particles were
not transported laterally, but rather repelled from the surface. The glass plates were
inclined, hence the gravitational force helped to remove particles once they were lev-
itated from the surface. Figure 2·26 shows a cross section of the design. The system
was shown to be capable of removing more than 80% of dust particles in the range 50
µm to 300 µm, but it was not effective outside of this range. Poor performance for
small particles was attributed to the fact that Coulomb and dielectrophoretic forces
are weaker than electrostatic image and adhesion forces. For larger particles outside
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the range, the gravitational forces are much stronger and can impede the removal
particles.
wire electrodes glass
substrate glass
3 mm
0.1 mm0.3 mm
7 mm
transparent material
Figure 2·26: The cross section of the cleaning system used for dust re-
moval from solar panels (Kawamoto and Shibata, 2015). An inclination
angle, not illustrated here, is used in the setup.
Particle removal mechanisms in a standing-wave electric curtain were investigated
both numerically and experimentally by Sun et al. (Sun et al., 2012). In these
studies, it was shown that a fraction of particles could potentially accumulate on
the edges of the electrodes, consequently affecting the performance of the electric
curtain. Liu and Marshall (Liu and Marshall, 2010b) used the method of discrete-
element modeling (DEM) to investigate the effects on electric curtain performance of
particle-particle interactions and also adhesion of particles to the dielectric surface.
Because the electric curtain is powered using the solar panel, a control strategy is
established in (Qian et al., 2012) to determine optimal operation of an electric curtain
for maximum overall energy yield. Analysis of the particle trajectories under the
influence of different forces using a simulation program was performed by Horenstein
et al. (Horenstein et al., 2013a). Experimental data on correlation between theoretical
trajectory calculations and observed particle motion via video recording are included.
Characterization of particle transport by standing waves in an electric curtain is also
provided in (Liu and Marshall, 2010a), in which constant migration of the particles
and a hopping behavior similar to Brownian motion along the surface are identified.
As a method for removing deposited dust from cells used in Mars exploration
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rovers, Williams et al. (Williams et al., 2007) have conducted experiments using
mechanical vibration to restore the power of photovoltaic cells. They attached piezo-
ceramic actuators in the back of a 1 m 0.6 m rectangularly shaped solar-panel mock-
up. The test panel was placed horizontally in a controlled environmental chamber,
and Mars dust simulant was deposited on its surface. A 30-Vp-p sinusoidal wave
with 60-Vdc offset was then applied to the piezoceramic actuator at different resonant
frequencies up to 5 kHz. Based on the frequency response function, efficient dust
removal was observed at higher frequencies, particularly above 2 kHz.
Table 2.5 summarizes the advantages and disadvantages associated with each
cleaning method mentioned above.
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Chapter 3
Electric Field Distribution
3.1 Introduction
Electric field distribution model plays a decisive role in performance evaluation of the
EDS and in how to increase its dust removal efficiency by manipulating the design
parameters as well as material selection. In this chapter, the analytical solutions for
the electric potential and electric field distributions in two EDS configurations with
one and two layer(s) of dielectric coatings have been provided. The dependency of
analytical solutions upon different parameters have been explicitly shown. The two
significant features of the analytical solutions are:
1. it can be easily embedded into the software programs for particle trajectory
simulations,
2. it provides flexibility and generality in the study on the effect of different pa-
rameters in the behavior of the electric field with less computational burden.
Furthermore, the analytical solutions have been corroborated numerically using
COMSOL R© Multiphysics R© finite element analysis (FEA) software. In case of EDS
with two dielectric coatings, two different configurations have been considered and
compared regarding dust removal efficiency. The impacts of different influential
parameters, such as electrode width, inter-electrode spacing, relative permittivity
value(s) and thickness of dielectric layer(s) have been thoroughly studied.
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3.2 Analytical Solutions
In the EDS application, at least one transparent dielectric layer is coated on the
electrodes to protect them from direct exposure to free space. To obtain the general
analytical expressions for the electric potential and electric field distribution, we first
consider EDS with no dielectric coating on the top of electrodes. Although the EDS
with no dielectric layer has no appearance in reality, the solution for the electric
potential will be used later for the EDS with one layer of dielectric coating.
3.2.1 EDS with No Dielectric Coating
Figure 3·1 depicts the cross section of the EDS configuration with no dielectric coating
in the xy-plane. The electrodes are deposited on a glass substrate while their height
is neglected in the calculations. In Fig. 3·1, the width of the electrodes and inter-
electrode spacing are denoted as w and g, respectively. The electrodes have the same
size and inter-electrode spacing and are connected to a single-phase or multi-phase
power supply that provides standing-wave or traveling-waves to repel and convey
particles, respectively. As the output of the power supply for energizing the electrodes
is known at any given time t, regardless of the sinusoidal, rectangular, saw tooth,
etc., the electrodes’ voltages are known at each time instant and are represented as a
function of time.
For a three-phase activated EDS, the fundamental spatial period is denoted as
Ts = 3(w + g), (3.1)
Since we assume there is no net charge in the space above the electrodes in Fig.3·1,
i.e. the deposited dust particles do not have a net electric charge initially, we can
write Laplace’s equation for the electric potential φ(x, y) in Cartesian coordinates as:
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Figure 3·1: Cross section of the EDS configuration with no dielectric
coating on top. The deposited electrodes are directly exposed to the
free space. The problem is assumed to be infinite in the z direction
(normal to the page). The solar module represents a photovoltaic (PV)
cell or a reflecting mirror in a concentrated solar power (CSP) system.
∂φ2(x, y)
∂x2
+
∂φ2(x, y)
∂y2
= 0, 0 ≤ x ≤ Ts, 0 ≤ y <∞ (3.2)
Considering the domain of interest, the boundary conditions at y = 0 and y →∞
are respectively as follows:
1. At y = 0, the electric potential is dictated by the periodically placed electrodes.
As mentioned previously, the electrodes’ voltages are known at each time snap-
shot. For the sake of simplicity, we can assume the voltage profile changes
linearly vs. x between adjacent electrodes. Since the electrodes are placed peri-
odically in x direction with fundamental spatial period Ts, the electric potential
at y = 0 can be expressed in terms of Fourier series as
φ(x, 0) =
∞∑
k=0
ak cos(Ω0kx) + bk sin(Ω0kx) (3.3)
in which Ω0 =
2pi
Ts
, ak and bk are the Fourier coefficients.
2. y →∞, the electric potential φ(x, y)→ 0,∀x
The Laplace’s equation can be solved using the well-known method of separation
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of variables (Sadiku, 2007). The solution for the potential is written as (Horenstein
et al., 2013b):
φ(x, y) =
∑
k
e−Ω0ky[ak cos(Ω0kx) + bk sin(Ω0kx)]. (3.4)
It is clear that Eq. 3.4 satisfies aforementioned boundary conditions. The electric
field vector, denoted as E, in the space above the electrodes is obtained via E = −∇φ.
The electric field components in the x and y-directions are written, respectively, as:
Ex = Ω0
∑
k
e−Ω0ky[kak sin(Ω0kx)− kbk cos(Ω0kx)], (3.5)
Ey = Ω0
∑
k
e−Ω0ky[kak cos(Ω0kx) + kbk sin(Ω0kx)]. (3.6)
It is re-emphasized that Eq. 3.4 is the solution to the Laplace’s equation at any
given time and the Fourier coefficients ak and bk are both functions of time, i.e. ak(t)
and bk(t). However, for the ease of representations, we drop the parameter “t” in the
solution for Laplace’s equation.
3.2.2 EDS with One Layer of Dielectric Coating
Figure 3·2 shows the cross section of an EDS configuration with a transparent di-
electric coating on top of the electrodes. The thickness of the dielectric layer and
its relative permittivity are denoted as δ and d, respectively. It is assumed that the
height of the electrodes is negligible compared to the thickness of the dielectric layer.
Considering the practical application, it is a justifiable assumption as the height of
the electrodes deposited on a borosilicate glass substrate in EDS samples developed
in the laboratory environment is around 100 nm while the usual thickness of the
dielectric layer is more than 20 µm.
In this case, we try to calculate the electric field inside the dielectric layer Ed
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Figure 3·2: Cross section of the EDS configuration with one layer of
transparent dielectric coating with thickness δ and relative permittivity
of d.
and above the EDS surface Ea, where the dust particles accumulate. We assume at
y = 0 and y = δ, the electric potentials, as functions of x, are denoted as vm and um,
respectively:
vm(x) =
∑
k
ak cos(Ω0kx) + bk sin(Ω0kx), (3.7)
um(x) =
∑
k
gk cos(Ω0kx) + hk sin(Ω0kx), (3.8)
where ak and bk Fourier coefficients are known, as described previously, and gk and
hk are unknown Fourier coefficients. Since there is no net charge inside the dielectric
layer, Laplace’s equation should be solved. It should be noted that although the
potential is a continuous variable, we have added subscripts “d” and “a” to the
potential expressions to indicate in what region the potential is calculated. Looking
into the geometry of the problem, we try to write the potential inside the dielectric
layer in such a way that both boundary conditions at y = 0 and y = δ are satisfied
initially. We assume the potential inside the dielectric layer is a summation of two
functions, one a function of vm and the other one a function of um:
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φd(x, y) = f1(vm) + f2(um), (3.9)
in which the functions f1 and f2 are variables of both x and y. For the first term
in Eq. 3.9, i.e. f1(vm), we assume it has the general form of
f1(vm) = vm(A1e
−Ω0ky + A2eΩ0ky), (3.10)
where the constants A1 and A2 need to be obtained. At the boundary levels of y = 0
and y = δ, we must have f1(vm) = vm and f1(vm) = 0, respectively. Hence:

A1 + A2 = 1, if y = 0
A1e
−Ω0kδ + A2eΩ0kδ = 0 if y = δ
(3.11)
The solution set for Eqs. 3.11 is:
A1 =
1
2
eΩ0kδcsch(kΩ0δ) (3.12)
A2 = −1
2
e−kΩ0δcsch(kΩ0δ) (3.13)
Similar to f1(vm), the second term in Eq. 3.9 should satisfy f2(um) = 0 and
f2(um) = um, respectively, for y = 0 and y = δ. By looking into the coefficients A1
and A2 obtained for f1(vm), we can write f2(um) as:
f2(um) = um
sinh(kΩ0y)
sinh(kΩ0δ)
(3.14)
According to Eq. 3.8, the electric potential inside the dielectric layer is written
as:
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φd(x, y) = −
∑
k
sinh[kΩ0(y − δ)]
sinh(kΩ0δ)
[ak cos(Ω0kx) + bk sin(Ω0kx)] +
∑
k
sinh(kΩ0y)
sinh(kΩ0δ)
[gk cos(Ω0kx) + hk sin(Ω0kx)] (3.15)
By denoting unit vectors in x and y directions as ax and ay, respectively, the
electric field in the dielectric layer is written as Ed(x, y) = Ed,xax + Ed,yay, in which
Ed,x and Ed,y are the electric field components in x and y directions. Also, Ed,x = −∂φd∂x
and Ed,y = −∂φd∂y . Therefore, the expressions for Ed,x and Ed,y are as follows:
Ed,x = Ω0
∑
k
sinh[kΩ0(y − δ)]
sinh(kΩ0δ)
[−kak sin(Ω0kx) + kbk cos(Ω0kx)]
+Ω0
∑
k
sinh(kΩ0y)
sinh(kΩ0δ)
[kgk sin(Ω0kx)− khk cos(Ω0kx)], (3.16)
and
Ed,y = Ω0
∑
k
cosh[kΩ0(y − δ)]
sinh(kΩ0δ)
[kak cos(Ω0kx) + kbk sin(Ω0kx)]
−Ω0
∑
k
cosh(kΩ0y)
sinh(kΩ0δ)
[kgk cos(Ω0kx) + khk sin(Ω0kx)]. (3.17)
The electric field in the dielectric layer is written as:
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Ed(x, y) = Ω0
{∑
k
sinh[kΩ0(y − δ)]
sinh(kΩ0δ)
[−kak sin(Ω0kx) + kbk cos(Ω0kx)]
+
∑
k
sinh(kΩ0y)
sinh(kΩ0δ)
[kgk sin(Ω0kx)− khk cos(Ω0kx)]
}
ax +
Ω0
{∑
k
cosh[kΩ0(y − δ)]
sinh(kΩ0δ)
[kak cos(Ω0kx) + kbk sin(Ω0kx)]
−
∑
k
cosh(kΩ0y)
sinh(kΩ0δ)
[kgk cos(Ω0kx) + khk sin(Ω0kx)]
}
ay (3.18)
The electric potential in the space above the dielectric layer is given by Eq. 3.4
with some modifications. The electric potential in the air is obtained from the fol-
lowing equation:
φa(x, y) =
∑
k
e−Ω0k(y−δ)[gk cos(Ω0kx) + hk sin(Ω0kx)] (3.19)
The electric field in the air can be calculated using the expression: Ea(x, y) =
Ea,xax + Ea,yay, in which Ea,x = −∂φa∂x and Ea,y = −∂φa∂y . Therefore, the expressions
for the Ea,x and Ea,y are as follows, respectively:
Ea,x = Ω0
∑
k
e−Ω0k(y−δ)[kgk sin(Ω0kx)− khk cos(Ω0kx)], (3.20)
and
Ea,y = Ω0
∑
k
e−Ω0k(y−δ)[kgk cos(Ω0kx) + khk sin(Ω0kx)]. (3.21)
The electric field in the air as an expression in terms of Fourier coefficients gk and
hk is:
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Ea(x, y) =
{
Ω0
∑
k
e−Ω0k(y−δ)[kgk sin(Ω0kx)− khk cos(Ω0kx)]
}
ax +{
Ω0
∑
k
e−Ω0k(y−δ)[kgk cos(Ω0kx) + khk sin(Ω0kx)]
}
ay (3.22)
At this point, we have derived expressions for the electric field for the air and the
dielectric layer. To obtain the coefficients gk and hk, we write the boundary conditions
for the two electric field distributions at y = δ. At the boundary level y = δ, the
electric fields in dielectric and air are respectively as follows:
Ea(x, δ) =
{
Ω0
∑
k
[kgk sin(Ω0kx)− khk cos(Ω0kx)]
}
ax
+
{
Ω0
∑
k
[kgk cos(Ω0kx) + khk sin(Ω0kx)]
}
ay (3.23)
and
Ed(x, δ) = Ω0
{∑
k
[kgk sin(Ω0kx)− khk cos(Ω0kx)]
}
ax +{
Ω0
∑
k
csch(kΩ0δ)[kak cos(Ω0kx) + kbk sin(Ω0kx)]
−Ω0
∑
k
coth(kΩ0δ)[kgk cos(Ω0kx) + khk sin(Ω0kx)]
}
ay
(3.24)
For the tangential components, we have the condition Ea,x(x, δ) = Ed,x(x, δ).
Hence,
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Ω0
∑
k
[kgk sin(Ω0kx)− khk cos(Ω0kx)] = Ω0
∑
k
[kgk sin(Ω0kx)− khk cos(Ω0kx)],
(3.25)
which is automatically satisfied. The normal components of the two electric fields
at the boundary level y = δ should satisfy 0Ea,y(x, δ) = 0dEd,y(x, δ). Hence:
0Ω0
∑
k
[kgk cos(Ω0kx) + khk sin(Ω0kx)] = 0d
{
Ω0
∑
k
csch(kΩ0δ)[kak cos(Ω0kx)
+kbk sin(Ω0kx)]− Ω0
∑
k
coth(kΩ0δ)[kgk cos(Ω0kx) + khk sin(Ω0kx)]
}
(3.26)
By setting the coefficients for the sine and cosine terms in Eq. 3.26, the Fourier
coefficients gk and hk are obtained as follows, respectively:
gk = d csch(kΩ0δ)ak − d coth(kΩ0δ)gk
gk =
d
sinh(kΩ0δ) + d cosh(kΩ0δ)
ak (3.27)
and
hk = d csch(kΩ0δ)bk − d coth(kΩ0δ)hk
hk =
d
sinh(kΩ0δ) + d cosh(kΩ0δ)
bk (3.28)
Therefore, the electric field distribution on the EDS surface (i.e. y = δ) and in
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the air is obtained from the following expression:
Ea(x, y) =
{
Ω0
∑
k
e−Ω0k(y−δ)[kgk sin(Ω0kx)− khk cos(Ω0kx)]
}
ax +{
Ω0
∑
k
e−Ω0k(y−δ)[kgk cos(Ω0kx) + khk sin(Ω0kx)]
}
ay (3.29)
in which the Fourier coefficients gk and hk are obtained from Eqs. 3.27 and 3.28,
respectively, assuming the Fourier coefficients ak and bk are provided. As can be
seen in Eq. 4.18, the electric field distribution is dependent upon thickness of the
dielectric layer δ, electrode width and inter-electrode spacing since Ω0 =
2pi
3(w+g)
and
Fourier coefficients gk and hk. As provided in Eqs. 3.27 and 3.28, the coefficients gk
and hk are both functions of relative permittivity d of the dielectric layer.
3.2.3 EDS with Two Layers of Dielectric Coatings
Figure 3·3 depicts the configuration of the EDS, in which the electrodes are en-
capsulated by two layers of transparent dielectric materials 1 and 2, with relative
permittivities of d1 and d2, respectively. As an example in the practice, dielectric 1
is optically clear adhesive (OCA) and dielectric 2 is a very thin borosilicate glass.
Since the electrodes are connected to a three-phase power supply, the fundamental
spatial period, denoted as Ts, is expressed as
Ts = 3(w + g). (3.30)
We assume that the electric field distribution is not affected by the charge of
deposited dust particles on the EDS surface, i.e., they carry no net charge. Hence, in
the absence of net electric charge in the region above the EDS surface, we can write
Laplace’s equation for the electric potential in the air, denoted as φa(x, y) as follows:
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Figure 3·3: Schematic of the EDS configuration with two stacked
layers of transparent dielectric coatings. The solar module could be a
photovoltaic cell or a reflecting mirror film in a concentrated solar power
application. The dust particles, not depicted in the sketch, deposit on
the dielectric layer 2. The electrodes are connected to a three-phase
power supply. The problem is assumed to be infinite in the z direction
(normal to the page).
∂φ2a(x, y)
∂x2
+
∂φ2a(x, y)
∂y2
= 0, 0 ≤ x ≤ Ts, δ1 + δ2 ≤ y <∞ (3.31)
We have added the subscript “a” that highlights the electric potential in the air.
Similarly, the subscripts “d1” and “d2” denote the potentials in the dielectric layers
1 and 2, respectively. The goal is to find the electric potential and the electric field
components in the two layers of the dielectric materials and air. The electric field
components in the air are the ones exerted on the dust particles and effective in the
dust removal process. However, the electric field solutions within two dielectric layers
can be used for further analysis of electric stress and dielectric breakdown.
Electric Potential
The electric potentials at y = 0, y = δ1, and y = δ1 + δ2 (air/dielectric 2 boundary)
in Fig. 3·3 are functions of x and are respectively expressed as:
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vm(x) =
∞∑
k=0
ak cos(kΩ0x) + bk sin(kΩ0x), (3.32)
um(x) =
∞∑
k=0
gk cos(kΩ0x) + hk sin(kΩ0x), (3.33)
wm(x) =
∞∑
k=0
pk cos(kΩ0x) + qk sin(kΩ0x), (3.34)
where ak, bk, gk, hk, pk, and qk are the Fourier coefficients, and Ω0 =
2pi
Ts
. The
Fourier coefficients ak and bk are known at each time instant as the electric potential
applied to the electrodes is known, and gk, hk, pk, and qk are unknown Fourier
coefficients that need to be calculated. We can assume that the electric potential
varies linearly between adjacent electrodes at y = 0. Because applied voltages are
time varying, the introduced Fourier coefficients are also functions of time; for instance
ak(t) and bk(t). For the ease of representation, however, we drop the dependency upon
“t”. We may write the electric potential inside the dielectric materials in such a way
that both boundary conditions at their boundaries are satisfied. We assume the
potential inside the first dielectric is a summation of two functions, one a function of
vm and the other a function of um, as defined in Eqs. 3.32 and 3.33, respectively:
φd1(x, y) = f1(vm) + f2(um), 0 ≤ x ≤ Ts, 0 ≤ y ≤ δ1 (3.35)
in which the functions f1 and f2 are variables of both x and y. The function
f1(vm) is written as:
f1(vm) = vm(A1e
−kΩ0y + A2ekΩ0y), (3.36)
where the constants A1 and A2 need to be obtained. Since we must have the
boundary conditions at y = 0 and y = δ1 satisfied, we must have f1(vm) = vm and
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f1(vm) = 0, respectively. Hence,

A1 + A2 = 1, if y = 0
A1e
−kΩ0δ1 + A2ekΩ0δ1 = 0 if y = δ1
(3.37)
The constants A1 and A2 in the Eq. (3.37) are obtained as:
A1 =
1
2
ekΩ0δ1 csch(kΩ0δ1), (3.38)
A2 = −1
2
e−kΩ0δ1 csch(kΩ0δ1). (3.39)
By looking into coefficients A1 and A2 obtained for f1(vm), we can write the
function f2(um) as:
f2(um) = um
ekΩ0y − e−kΩ0y
ekΩ0δ1 − e−kΩ0δ1 , (3.40)
in which f2(um) = 0 if y = 0 and f2(um) = um at y = δ1. Therefore,
f2(um) = um
sinh(kΩ0y)
sinh(kΩ0δ1)
. (3.41)
Using the expressions obtained for f1(vm) and f2(um), the electric potential inside
the first dielectric layer is expressed as:
φd1(x, y) = −vm sinh[kΩ0(y − δ1)]
sinh(kΩ0δ1)
+ um
sinh(kΩ0y)
sinh(kΩ0δ1)
, 0 ≤ x ≤ Ts, 0 ≤ y ≤ δ1
(3.42)
Substitution of the Fourier series representation introduced for the vm and um in
Eqs. 3.32 and 3.33, respectively, yields the electric potential in the first dielectric
material:
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φd1(x, y) = −
∑
k
sinh[kΩ0(y − δ1)]
sinh(kΩ0δ1)
[ak cos(kΩ0x) + bk sin(kΩ0x)]
+
∑
k
sinh(kΩ0y)
sinh(kΩ0δ1)
[gk cos(kΩ0x) + hk sin(kΩ0x)],
0 ≤ x ≤ Ts, 0 ≤ y ≤ δ1 (3.43)
A similar approach can be applied to the second dielectric layer, yielding the
electric potential in the latter:
φd2(x, y) = f3(um) + f4(wm), 0 ≤ x ≤ Ts, δ1 ≤ y ≤ δ1 + δ2 (3.44)
in which the functions f3 and f4 are variables of both x and y. The function
f3(um) is expressed as
f3(um) = um(A3e
−kΩ0y + A4ekΩ0y), (3.45)
where the two constants A3 and A4 are unknown. The two boundary conditions
in the second dielectric layer impose f3(um) = um and f3(um) = 0 at y = δ1 and
y = δ1 + δ2, respectively. Hence,

A3e
−kΩ0δ1 + A4ekΩ0δ1 = 1, if y = δ1
A3e
−kΩ0(δ1+δ2) + A4ekΩ0(δ1+δ2) = 0 if y = δ1 + δ2
(3.46)
The constants A3 and A4 are the solution set for the Eqs. 3.46:
A3 =
ekΩ0(δ1+δ2)
ekΩ0δ2 − e−kΩ0δ2 , (3.47)
A4 = − e
−kΩ0(δ1+δ2)
ekΩ0δ2 − e−kΩ0δ2 . (3.48)
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For the second term in Eq. 3.44, i.e. f4(wm), we would like to have f4(wm) = 0
and f4(wm) = wm for y = δ1 and y = δ1 + δ2, respectively. Hence, we can write
f4(wm) as
f4(wm) = wm
ekΩ0(y−δ1) − e−kΩ0(y−δ1)
ekΩ0δ2 − e−kΩ0δ2 (3.49)
Therefore, the electric potential inside the second dielectric material after some
algebraic simplifications is expressed as
φd2(x, y) = −um sinh[kΩ0(y − (δ1 + δ2))]
sinh(kΩ0δ2)
+ wm
sinh[kΩ0(y − δ1)]
sinh(kΩ0δ2)
(3.50)
Using the expression introduced for the um and wm in Eqs. 3.33 and 3.34, the
electric potential in the second dielectric layer is
φd2(x, y) = −
∑
k
sinh[kΩ0[y − (δ1 + δ2)]]
sinh(kΩ0δ2)
[gk cos(kΩ0x) + hk sin(kΩ0x)] +
∑
k
sinh[kΩ0(y − δ1)]
sinh(kΩ0δ2)
[pk cos(kΩ0x) + qk sin(kΩ0x)],
0 ≤ x ≤ Ts, δ1 ≤ y ≤ δ1 + δ2 (3.51)
As denoted previously, Horenstein et al. (Horenstein et al., 2013a) have provided
the electric field solution for an EDS with no dielectric coating by solving Laplace’s
equation, where the deposited electrodes are exposed to the air. Their solution can
be adopted herein as a representation of the electric field in the air. The solution for
the electric potential for the current configuration as in Fig. 3·3 is written as
φa(x, y) =
∑
k
e−kΩ0[y−(δ1+δ2)][pk cos(kΩ0x) + qk sin(kΩ0x)],
0 ≤ x ≤ Ts, δ1 + δ2 ≤ y <∞ (3.52)
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It should be noted that the electric field potential in the air satisfies the following
boundary conditions:
1. At y = δ1 + δ2: φa(x, δ1 + δ2) =
∑
k[pk cos(kΩ0x) + qk sin(kΩ0x)] = wm
2. When y →∞: φa(x, y) = 0
The electric potentials in the dielectric 1, dielectric 2, and air are obtained via the
Eqs. 3.43, 3.51, and 3.52, respectively.
Electric Field
Because we are able to write the electric potentials in the three dielectric media, the
electric field components can also be calculated as follows. For the dielectric layer 1,
the electric field Ed1(x, y) is expressed as:
Ed1(x, y) = Ed1,xax + Ed1,yay, (3.53)
in which Ed1,x and Ed1,y are the electric field components in the x and y directions,
respectively. The ax and ay are the unit vectors in the x and y directions, respectively.
Similarly, for the electric fields in the dielectric layer 2 and air denoted as Ed2 and
Ea, respectively, we have:
Ed2(x, y) = Ed2,xax + Ed2,yay, (3.54)
and
Ea(x, y) = Ea,xax + Ea,yay. (3.55)
Given that E = −∇φ, the electric potential (Eq. 3.43) results in electric field
components of:
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Ed1,x = −∂φd1(x, y)
∂x
= Ω0
∑
k
sinh[kΩ0(y − δ1)]
sinh(kΩ0δ1)
[−kak sin(kΩ0x) + kbk cos(kΩ0x)]
−Ω0
∑
k
sinh(kΩ0y)
sinh(kΩ0δ1)
[−kgk sin(kΩ0x) + khk cos(kΩ0x)] (3.56)
and
Ed1,y = −∂φd1(x, y)
∂y
= Ω0
∑
k
cosh[kΩ0(y − δ1)]
sinh(kΩ0δ1)
[kak cos(kΩ0x) + kbk sin(kΩ0x)]
−Ω0
∑
k
cosh(kΩ0y)]
sinh(kΩ0δ1)
[kgk cos(kΩ0x) + khk sin(kΩ0x)] (3.57)
Based on the potential in the dielectric layer 2 expressed in Eq. 3.51, the x and y
electric field components are:
Ed2,x = −∂φd2(x, y)
∂x
= Ω0
∑
k
sinh[kΩ0[y − (δ1 + δ2)]]
sinh(kΩ0δ2)
[−kgk sin(kΩ0x) + khk cos(kΩ0x)]
−Ω0
∑
k
sinh[kΩ0(y − δ1)]
sinh(kΩ0δ2)
[−kpk sin(kΩ0x) + kqk cos(kΩ0x)], (3.58)
and
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Ed2,y = −∂φd2(x, y)
∂y
= Ω0
∑
k
cosh[kΩ0[y − (δ1 + δ2)]]
sinh(kΩ0δ2)
[kgk cos(kΩ0x) + khk sin(kΩ0x)]
−Ω0
∑
k
cosh[kΩ0(y − δ1)]
sinh(kΩ0δ2)
[kpk cos(kΩ0x) + kqk sin(kΩ0x)]. (3.59)
Electric field in the air is calculated based on the electric potential in Eq. 3.52:
Ea,x = −∂φa(x, y)
∂x
= Ω0
∑
k
e−kΩ0[y−(δ1+δ2)][kpk sin(kΩ0x)− kqk cos(kΩ0x)], (3.60)
and
Ea,y = −∂φa(x, y)
∂y
= Ω0
∑
k
e−kΩ0[y−(δ1+δ2)][kpk cos(kΩ0x) + kqk sin(kΩ0x)]. (3.61)
The electric field components are evaluated at the interface of the two dielectric
materials, i.e. y = δ1 and the interface of dielectric 2 and air, i.e. y = δ1 +δ2, in order
to match the boundary conditions in the next step. The electric field components for
the first dielectric material at y = δ1 are:
Ed1,x(x, δ1) = Ω0
∑
k
[kgk sin(kΩ0x)− khk cos(kΩ0x)] (3.62)
Ed1,y(x, δ1) = Ω0
∑
k
csch(kΩ0δ1)[kak cos(kΩ0x) + kbk sin(kΩ0x)]
−Ω0
∑
k
coth(kΩ0δ1)[kgk cos(kΩ0x) + khk sin(kΩ0x)] (3.63)
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At y = δ1, the electric field components for the second dielectric are:
Ed2,x(x, δ1) = Ω0
∑
k
[kgk sin(kΩ0x)− khk cos(kΩ0x)] (3.64)
Ed2,y(x, δ1) = Ω0
∑
k
coth[kΩ0δ2][kgk cos(kΩ0x) + khk sin(kΩ0x)]
−Ω0
∑
k
csch(kΩ0δ2)[kpk cos(kΩ0x) + kqk sin(kΩ0x)] (3.65)
At y = δ1 + δ2, the x and y electric field components in the second dielectric layer
and air are obtained, respectively, as follows:
Ed2,x(x, δ1 + δ2) = Ω0
∑
k
[kpk sin(kΩ0x)− kqk cos(kΩ0x)], (3.66)
Ed2,y(x, δ1 + δ2) = Ω0
∑
k
csch(kΩ0δ2)[kgk cos(kΩ0x) + khk sin(kΩ0x)]
−Ω0
∑
k
coth(kΩ0δ2)[kpk cos(kΩ0x) + kqk sin(kΩ0x)],(3.67)
and
Ea,x(x, δ1 + δ2) = Ω0
∑
k
[kpk sin(kΩ0x)− kqk cos(kΩ0x)], (3.68)
Ea,y(x, δ1 + δ2) = Ω0
∑
k
[kpk cos(kΩ0x) + kqk sin(kΩ0x)]. (3.69)
At this point, since the electric field components are available, we can match the
boundary conditions at the two boundaries y = δ1 and y = δ1 + δ2. At y = δ1, the
tangential components must satisfy Ed1,x = Ed2,x. By looking into the expressions
provided for Ed1,x and Ed2,x in Eqs. 3.62 and 3.64, respectively, it is clear that the
boundary condition for the tangential components is automatically satisfied. The
boundary condition for the normal components at y = δ1 must satisfy 0d1Ed1,y =
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0d2Ed2,y. Therefore,
d1
{∑
k
csch(kΩ0δ1)[kak cos(kΩ0x) + kbk sin(kΩ0x)]−
∑
k
coth(kΩ0δ1) ·
[kgk cos(kΩ0x) + khk sin(kΩ0x)]
}
= d2
{∑
k
coth(kΩ0δ2)[kgk cos(kΩ0x)
+khk sin(kΩ0x)]−
∑
k
csch(kΩ0δ2)[kpk cos(kΩ0x) + kqk sin(kΩ0x)]
}
(3.70)
Re-arranging the expressions for the cos(·) and sin(·) terms in Eq. 3.70, we have:
d1
{∑
k
[csch(kΩ0δ1)kak − coth(kΩ0δ1)kgk] cos(kΩ0x)
+[csch(kΩ0δ1)kbk − coth(kΩ0δ2)khk] sin(kΩ0x)
}
=
d2
{∑
k
[coth(kΩ0δ2)kgk − csch(kΩ0δ2)kpk] cos(kΩ0x)
+[coth(kΩ0δ2)khk − csch(kΩ0δ2)kqk] sin(kΩ0x)
}
(3.71)
Equating the coefficients for the cos(·) terms in Eq. 3.71 yields:
d1[csch(kΩ0δ1)kak−coth(kΩ0δ1)kgk] = d2[coth(kΩ0δ2)kgk−csch(kΩ0δ2)kpk] (3.72)
Similarly, for the coefficients for the sin(·) terms in Eq. 3.71, we have:
d1[csch(kΩ0δ1)kbk−coth(kΩ0δ2)khk] = d2[coth(kΩ0δ2)khk−csch(kΩ0δ2)kqk] (3.73)
The tangential components of the electric fields in the dielectric 2 and air at
y = δ1 + δ2 must satisfy
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Ea,x(x, δ1 + δ2) = Ed2,x(x, δ1 + δ2), (3.74)
in which the terms Ed2,x(x, δ1 + δ2) and Ea,x(x, δ1 + δ2) are provided in Eqs. 3.66
and 3.68, respectively. It is clear that the condition is satisfied automatically. For
the normal components at y = δ1 + δ2, we must have: 0Ea,y = 0d2Ed2,y or Ea,y =
d2Ed2,y. Hence,
∑
k
[kpk cos(kΩ0x) + kqk sin(kΩ0x)] = d2
{∑
k
csch(kΩ0δ2)[kgk cos(kΩ0x)
+khk sin(kΩ0x)]−
∑
k
coth(kΩ0δ2)[kpk cos(kΩ0x) + kqk sin(kΩ0x)]
}
(3.75)
By re-arranging the terms for the cos(·) and sin(·) terms in Eq. 3.75, we arrive at
the following expressions for pk and qk:
pk =
d2
sinh(kΩ0δ2) + d2 cosh(kΩ0δ2)
gk (3.76)
and
qk =
d2
sinh(kΩ0δ2) + d2 cosh(kΩ0δ2)
hk. (3.77)
By defining the coefficient C1 as
C1 =
d2
sinh(kΩ0δ2) + d2 cosh(kΩ0δ2)
, (3.78)
we have pk = C1gk and qk = C1hk. Also, we can define the coefficients C2 to C4 as:
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C2 = d1 csch(kΩ0δ1) (3.79)
C3 = d2 csch(kΩ0δ2) (3.80)
C4 = d2 coth(kΩ0δ2) + d1 coth(kΩ0δ1) (3.81)
Based on the definitions provided for the coefficients C2 to C4 in Eqs. 3.79 to
3.81, Eqs. 3.72 and 3.73 can be updated as follows:
C2ak + C3pk = C4gk, (3.82)
C2bk + C3qk = C4hk. (3.83)
Since the Fourier coefficients ak and bk are known, we have the unknown Fourier
coefficients gk, hk, pk, and qk, respectively, as:
gk =
C2
C4 − C1C3ak (3.84)
hk =
C2
C4 − C1C3 bk (3.85)
pk =
C1C2
C4 − C1C3ak (3.86)
qk =
C1C2
C4 − C1C3 bk (3.87)
in which the coefficients C1 to C4 have been provided in Eqs. 3.78 to 3.81, respec-
tively.
By noting that Ω0 =
2pi
3(w+g)
, it is obvious that the electric potential and the electric
field components discussed above are dependent upon the geometric parameters w, g,
δ1, and δ2 and the electrical permittivities of the two dielectric coatings d1 and d2.
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In the next section, expressions have been provided based upon the pulse patterns
of the three-phase power supply to show how the Fourier coefficients ak and bk are
calculated.
3.3 Numerical Simulation
3.3.1 EDS Activation
The analytical solutions for the electric field distribution in previous section is general
and can be used to formulate the problem for a single-phase or multi-phase EDS
activation. The electrodes of the EDS are connected to a three-phase power supply
that energizes the electrodes with rectangular pulses at 50% duty cycle. Figure 3·4
shows these waveforms over a single period Tt. As can be seen in Fig. 3·4, there are a
total 6 different voltage combinations in which each phase has 0 or V volts. Suppose
the voltages of the first, second, and third electrode in one fundamental spatial period
Ts are denoted as V1, V2, and V3, respectively, in which they switch between 0 and
V , as illustrated in Fig. 3·4. As shown in previous section, the analytical solution is
dependent upon the Fourier coefficients ak and bk. To obtain these coefficients, we
need to have the electric potential at y = 0 (Figs. 3·2 or 3·3). The electric potential
at the y = 0 with the assumption of linear voltage change between two adjacent
electrodes can be expressed as:
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φd1(x, 0) =

V1 0 ≤ x ≤ w
V2−V1
g
(x− w) + V1 w ≤ x ≤ w + g
V2 w + g ≤ x ≤ 2w + g
V3−V2
g
[x− (2w + g)] + V2 2w + g ≤ x ≤ 2(w + g)
V3 2(w + g) ≤ x ≤ 3w + 2g
V1−V3
g
[x− (3w + 2g)] + V3 3w + 2g ≤ x ≤ T
(3.88)
The Fourier coefficients ak and bk, addressed in Eq. 3.32, are obtained using the
following expressions:
ak =
2
Ts
∫
Ts
φd(x, 0) cos(Ωx)dx, (3.89)
bk =
2
Ts
∫
Ts
φd(x, 0) sin(Ωx)dx, (3.90)
in which Ω = kΩ0 and φd(x, 0) is the electric potential in the first dielectric layer
coated on the electrodes like Eq. 3.88. By substituting Eq. 3.88 into Eqs. 3.89 and
3.90, we have the expressions for ak and bk, respectively, as follows:
ak =
1
pigΩ0k2
{
(V2 − V1)[cos(kΩ0(w + g))− cos(kΩ0w)] + (3.91)
(V3 − V2)[cos(2kΩ0(w + g))− cos(kΩ0(2w + g))]
+(V1 − V3)[1− cos(kΩ0(3w + 2g))]
}
bk =
1
pigΩ0k2
{
(V2 − V1)[sin(kΩ0(w + g))− sin(kΩ0w)] + (V3 − V2)× (3.92)
[sin(2kΩ0(w + g))− sin(kΩ0(2w + g))]− (V1 − V3) sin(kΩ0(3w + 2g))
}
103
By having the expressions for the Fourier coefficients ak and bk, numerical imple-
mentation of analytical solutions for the electric field distribution becomes possible.
Figure 3·4: Three-phase rectangular voltage pulses with 50% duty
cycle in one time period Tt.
3.3.2 Numerical Results for EDS with One Dielectric Coating
In order to corroborate the analytical solutions provided in previous section for the
electric field distribution, the EDS model with one layer of transparent dielectric
coating has been developed in the COMSOL R© Multiphysics R© finite element analysis
(FEA) software. Figure 3·5 shows the results for the electric potential and electric field
norm, i.e. |E| = (E2x + E2y)0.5, as well as the electric vector field in one fundamental
spatial period. The maximum and minimum of electric potential are 974 and 44 volts,
respectively, on the EDS surface. As can be expected, the electric field vectors in Fig.
3·5(b) originate from the energized electrodes (first and third) and terminate in the
electrode with zero potential (second electrode). The normal component of electric
field Ey reaches its maximum value of 2.062 MV/m on the EDS surface just above the
end of the first and start of third electrodes in the period, in which both electrodes
are energized with 1 kV. The minimum value of the Ey is −2.67 MV/m, right above
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the tips of the second electrode which is at zero electric potential. The maximum of
the electric field norm reaches 3.11 MV/m at the end of second electrode.
The normal component of the electric field, i.e. Ey has been calculated for 6
different cases of the voltage combinations, highlighted in previous section, using the
analyical solutions provided and the results have been compared with the FEA results
in Fig. 3·6. The positions of the three electrodes in one fundamental spatial period
along the x-axis are highlighted with black bars in Fig. 3·6. To obtain the electric
field components from the analytical method (ANA), the Fourier coefficients ak and
bk were initially calculated for each case of voltage combination from Eqs. 3.91 and
3.93, respectively. Then, Fourier coefficients gk and hk are calculated according to
Eqs. 3.27 and 3.28, respectively. The electric field components on the EDS surface
(i.e. y = δ) can be calculated using the expression for the electric field distribution in
the air as provided in Eq. 4.18. In Fig. 3·6, the maximum of Ey reaches 3.49 MV/m
in cases 1, 3, and 5 while in cases 2, 4, and 6, the maximum of Ey is 4.52 MV/m.
As can be seen, the analytical results are in very good agreement with the numerical
simulation results. In order to examine the accuracy of the analytical solutions, we
have defined the parameter “error percentage” as:
Error Percentage =
|FEA− ANA|
FEA
× 100%. (3.93)
The maximum value of error percentage in one fundamental spatial period in Fig.
3·6 is 1.61%, 3.6%, 2.87%, 5.96%, 6.74%, 5.53% for cases 1 through 6, respectively.
The most significant deviation between the two methods in Fig. 3·6 occurs when
adjacent electrodes are both at zero potential or both at 1 kV. The difference be-
tween the results from the two methods is attributable to the fact that the voltage
change between adjacent electrodes has been considered to be linear in the analytical
approach, while the FEA method provides a more accurate voltage profile.
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For instance, in Fig. 3·6 case 2, the ANA method assumes zero electric potential
along the x-axis between the second and third electrodes, both having zero potential.
However, the voltage profile provided by the FEA method increases from 0 in the
second electrode to 31.08 V and then decreases to zero again when it reaches the third
electrode. On similar lines, in Fig. 3·6 case3, when the first and second electrode are
at 1 kV electric potential, the voltage profile provided by the FEA method shows a
decrease in electric potential between the aforementioned electrodes down to 957.2
V while the voltage is assumed to be still at 1 kV along the x-axis in ANA method.
More accurate models for the voltage profile, rather than a linear approximation, will
improve the ANA method.
3.3.3 Numerical Results for EDS with Two Dielectric Coatings
In order to verify the closed-form solutions provided in previous section, the EDS con-
figuration presented in Fig. 3·3 has been developed in the COMSOL R© Multiphysics R©
software. We are interested to compare the solutions from the two methods to see
which one is more useful in what circumstances. The results have been shown in Fig.
3·7 for the electric field norm, defined as |E| = (E2x +E2y)0.5 and the electric potential
when the phases A, B, and C have the voltages 1 kV, 0, and 1 kV, respectively. As
can be expected and also is shown in Fig. 3·7, the electric field intensity reaches its
maximum in the vicinity of the electrodes tips. Although studying the electric field
intensity in the dielectric layers and its dependency upon the geometric as well as
operational parameters will provide valuable information on the dielectric breakdown
and stress, it is not in the scope of this study. In this paper, we are mainly investi-
gating the electric field distribution on the EDS, where dust particles are deposited
and exposed to different attracting and repelling forces.
In order to verify the analytical results obtained in previous section, Fig. 3·8 has
been provided, in which the electric field norm on the EDS surface (i.e. y = δ1 +δ2) is
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calculated from two approaches: analytical (ANA) and finite element analysis (FEA)
for six different voltage combinations introduced in Fig. 3·4. To obtain the electric
field components from the ANA method, the Fourier coefficients ak and bk were
initially calculated for each case of voltage combination from Eqs. 3.91 and 3.93.
Then, Fourier coefficients gk, hk, pk, and qk are calculated according to Eq. 3.84 to
3.87, respectively. The expressions to calculate coefficients C1 to C4 are provided in
Eqs. 3.78 to 3.81, respectively. The electric field components on the EDS surface (i.e.
y = δ1 + δ2) can be calculated using the expressions for the electric field distribution
in the air as provided in Eqs. 3.68 and 3.69 or using the electric field components in
the second dielectric coating at y = δ1 + δ2 provided in Eqs. 3.66 and 3.67. As can
be seen in Fig. 3·8, the electric field norm calculated from analytical approach does
not fully follow the one provided by FEA method.
Similar to what was done for the EDS with one layer of dielectric coating, To
examine the accuracy of the analytical solutions, we set the FEA method as the base
for comparison and define the parameter “error percentage” as provided in Eq. 3.93.
The electric field norms provided in Fig. 3·8 have been compared with each other
using Eq. 3.93. The maximum value of error percentage between the two methods
shown in Fig. 3·8, calculated using Eq. 3.93 is 4.27%, 10.29%, 4.25%, 10.44%, 4.06%,
10.56%, for cases 1 through 6, respectively. Also, the average of maximum values of
error percentages for the six cases is 6.81%. The maximum value of Ey component
on the EDS surface in cases 2, 4, and 6 is 2.09 × 106 V/m while the maximum of
Ey is 1.47× 106 in cases 1, 3, and 5. The Ex component reaches its maximum value
of 1.88 × 106 V/m in all six cases. The maximum and minimum values of electric
field norm in cases 1, 3, and 5 are 1.41 × 106 and 2.04 × 106 V/m, respectively. In
cases 2, 4, and 6, the |E| attains its maximum and minimum values of 2.12× 106 and
1.33× 106 V/m, respectively.
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It should be pointed out that the difference between the results from the two
methods, as can be observed in Fig. 3·8, is attributable to the fact that the voltage
change between adjacent electrodes has been considered to be linear in the analytical
approach while FEA method provides a more complex voltage profile. Figure 3·9
depicts the electric potential at y = 0, where the electrodes are located, for the two
ANA and FEA methods. In Fig. 3·9, when one of the two adjacent electrodes is at
zero electric potential and the other at 1000 volts, linear voltage profile used in the
analytical calculations is merely an approximation of the profile that FEA method
provides. The most significant deviation between the two voltage profiles occurs
when adjacent electrodes are both at zero potential or at 1 kV. For instance, when
both phases A and B are at 1 kV, Fig. 3·9 case 3, FEA method provides a voltage
profile that decreases down to 905 volts while the ANA method maintains the voltage
at 1000 volts between the electrodes. Therefore, linear approximation introduces an
error up to 10.49% in the electric potential in this case. Similarly, in case 6 of Fig. 3·9
when both A and B phases are at zero electric potential, the voltage profile obtained
from FEA method experiences an increase up to 85.5 volts along the x axis while
linear approximation assumes the electric potential remains at 0 between the phases.
The nonlinear behavior of the electric potential between two adjacent equipotential
electrodes in the two aforementioned cases and other similar cases, is attributable to
the neighboring electrodes. In case 3 of Fig. 3·9, for instance, the electric potential
between phases A and B which are at 1 kV, is affected by the phase C in current and
previous spatial periods that are at zero electric potential. Along similar lines, in case
6 of Fig. 3·9, voltage profile between phases A and B, which are maintained at zero
potential, is affected by the presence of phase C electrodes of previous and current
spatial period. Analytical models have been derived for the electric potential between
two cylindrical conductors, like (Engelen et al., 2013) or two-wire transmission line
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(Orfanidis, 2014), that can be potentially used to provide better approximations for
the voltage profile closer to what FEA method provides, rather than a linear one.
Detailed analytical model of the voltage profile is out of the scope of this paper and
is left for further studies.
It was mentioned that the cases 2, 4, and 6 in Fig. 3·8 experience the maximum
error percentage around 10% while cases 1, 3, and 5 have an error percentage around
4%. The maximum deviation between the two methods in cases 2, 4, and 6 in
Fig. 3·8 occur at 350, 550, and 150 µm, respectively, which are the middle points
between two equipotential electrodes that are at zero electric potential. In cases 2
and 6 of Fig. 3·8, these two equipotential electrodes belong to the shown spatial
period while in case 4, phase C electrode of the current spatial period and phase A
electrode from the next period are at zero electric potential. By comparing Figs. 3·8
and 3·9, it reveals that the maximum deviation between the two methods are at the
points that he voltage profile provided by FEA method reaches its maximum on a
semi-circular curve while the ANA method assumes zero electric potential between
grounded adjacent electrodes.
Impact of dielectric coating
The electrodes in the EDS are always embedded within one or more layers of trans-
parent dielectric coatings to be protected from direct exposure to the outdoor envi-
ronment. The material characteristics of the dielectric material plays a pivotal role
in the charging mechanism and the amount of charge acquired by the deposited dust
particles. As analytically provided in the preceding section, the electric field compo-
nents in the dielectric materials and air are dependent upon the geometric parameters
and relative permittivities of two transparent dielectric layers d1 and d2. It is worth
to study how the electric field distribution on the EDS surface, where the dust parti-
cles are deposited, behaves as a function of the dielectric coating thickness. For this
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purpose, we have run the FEA software for different values of the thickness of the first
dielectric coating δ1 to see its impact on the electric field distribution on the EDS sur-
face. Figure 3·10 shows the simulation results of the normal electric field component
Ey in one fundamental spatial period on the EDS surface when the electrode width
and inter-electrode spacing are 50 and 700 µm, respectively, for various values of the
δ1 in the range of 25 µm to 140 µm, while the other parameters are fixed. Although
several values for δ1 in the aforementioned range were considered in the simulation
study, only four of them are illustrated in Fig. 3·10 for the sake of readability of the
figure. As can be observed in Fig. 3·10, the Ey experiences a significant change when
δ1 changes from 50 µm to 63 µm, while when δ1 increases from 63 µm to 125 µm, the
Ey does not change drastically. The δ1 = 63 µm provides the maximum of the Ey in
the positive direction in all of the the six cases of the voltage combinations.
As mentioned earlier, the Coulomb force is the predominant force in dust particle
removal process. Although the motion of dust particles in x and y− direction due
to exerted forces are both important in detailed modeling of the particle trajectories,
we pay significant attention to the vertical motion of the particle and the balance
of repelling and attracting forces. In other words, we endeavor to ensure at each
given point on the EDS surface, we maintain the required amount of electric field
component in the positive y−direction to strengthen the Coulomb force among other
forces, assuming the particle is positively charged. When the dust particle is sitting
on the EDS surface, the gravity and adhesion force are the attracting ones that push
the particle into the EDS surface. The adhesion force is the summation of van der
Waals and capillary forces (You and Wan, 2013). As can be noticed in Fig. 3·10,
the normal component of the electric field Ey attains negative values, which is not
in our interest circle as not only it does not help in repelling the positively charged
particle from the surface, but also pushes the particle into the EDS surface. The
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results obtained on how the Ey changes as a function of the δ1 are beneficial in the
optimization procedure of the EDS for a higher efficiency in dust removal. We must
have the balance of the forces exerted on the charged dust particle in a fashion that
the repelling forces dominate the attracting ones: the summation of the all the exerted
forces points toward positive y-axis.
3.3.4 Second EDS Configuration
Figure 3·11 shows the second EDS configuration considered in this study. The con-
figuration depicted in Fig. 3·11 is a viable candidate for dust removal from solar
mirror in CSP application. As depicted in Fig. 3·11, EDS consists of three layers of
dielectric coatings in which the electrodes are printed on the lower side of the third
dielectric layer. Similar to Fig. 3·3, the electrode width and inter-electrode spacing
are denoted as w and g, respectively. The thicknesses of transparent dielectric layers
1 to 3 are denoted as δ1, δ2, and δ3, respectively, and their relative permittivities
highlighted as d1, d2, and d3. In our laboratory work, the dielectric layers 1, 2, and
3 are considered to be acrylic, optically clear adhesive (OCA) (3M 8146-2 Optically
Clear Adhesive (OCA), 2015), and Corning R© Willow R© Glass (Corning R© Willow R©
Glass–Fact Sheet, 2015), respectively. The metal layer is usually a thin layer, in the
order of 1-2 µm of Aluminum or Silver. The dielectric constants of acrylic, OCA, and
Corning R© Willow R© Glass have been considered to be 3.5, 5.14, and 5.5, respectively,
throughout the FEA study.
The new EDS configuration has been developed in the COMSOL Multiphysics
simulation software and the results for the electric potential and electric field are
shown in Figure 3·12, in which the electrode width and inter-electrode spacing are
set to be 75 and 300 µm, respectively. In Fig. 3·12, the maximum of |E|, Ey, and
Ex reach 2.41× 106, 4.7× 105, and 2.38× 106 V/m, respectively, on the EDS surface
in the fundamental spatial period of 1125 µm. The height of the electrodes and
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Air
Electrodes
Metal layer
Dielectric 1
Dielectric 2
Dielectric 3
Figure 3·11: The second EDS configuration, in which the electrodes
are printed on the lower side of dielectric layer 3.
the thickness of underlying of metal layer are much smaller than the dimensions of
other parameters like electrode width and the thickness of dielectric layers: they have
been considered to be 2 µm. In addition, we are interested to study the electric
field distribution on the EDS more thoroughly rather than the electric field intensity
inside the dielectric layers or in the vicinity of the electrodes. Hence, by defining three
different mesh patterns: (1) extremely coarse for conductors, (2) extra fine for the
dielectric layers, and (3) extremely fine on the EDS surface, we were able to reduce
the mesh generation time significantly yet having accurate computations.
Thus far, we have analyzed the electric field distribution in two EDS configu-
rations. In order to compare these two configuration to realize which one of these
geometries performs better regarding dust removal, we consider the normal electric
field component Ey on the EDS surface in one fundamental spatial period, while it
is tried to fix all the other parameters. Figure 3·13 shows the comparison between
the Ey components for six different voltage combinations in one fundamental spatial
period and on the EDS surface. For both configurations, the electrode width and
inter-electrode spacing are considered to be 50 and 700 µm, respectively. For the
first EDS configuration (Fig. 3·3), the thicknesses of the first and second dielectric
layers are 50 and 100 µm, respectively, with relative permittivities of 5.14 and 6.7.
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For the second EDS configuration (Fig. 3·11), the thickness of the first, second, and
third transparent dielectric layers are 100, 50, and 100 µm, respectively, with relative
permittivities of 3.5, 5.14, and 5.5. The mentioned dimensions are typical for EDS.
As can been seen in Fig. 3·13, the Ey in both configurations attain their extrema
(maxima and minima) at identical points along the x-direction in one fundamental
spatial period. However, the second EDS configuration provides higher values for
Ey at the maxima for all the cases. The percentage of increase in the Ey of second
configuration at the maxima for the cases (1) through (6) are 63.86%, 16.66%, 66.36%,
15.41%, 62.98%, and 15.32%, respectively, compared to the first configuration. Also,
it is interesting to note that what percent of one fundamental spatial period the values
Ey of second configuration are greater than that of first configuration. In 40.98%,
56.12%, 41.16%, 55.68%, 40.49%, and 40.98% of the fundamental spatial period, the
second EDS configuration yields higher values for Ey than the first configuration for
the cases (1) through (6), respectively.
3.4 Impacts of Different Parameters
In this part, we investigate the impacts of the dielectric thickness, relative permit-
tivity, electrode width, and inter-electrode spacing in the electric field intensity in an
EDS configuration with one dielectric coating (Fig. 3·2).
3.4.1 Dielectric Thickness
As provided in the Eq. 4.18, the electric field distribution in the air is explicitly
dependent upon the thickness of the dielectric layer δ. Figure 3·14 depicts how the
normalized maximum of |E|, Ey, and Ex on the EDS surface in one fundamental
spatial period are dependent upon the thickness of the dielectric coating. The nor-
malization is Fig. 3·14 is performed with respect to electric field distribution at y = 0
when there is no dielectric coating: the electrodes are exposed directly to air. Al-
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though when the dielectric thickness increases in Fig. 3·14, the normalized maximum
in the three curves decreases significantly, the drop in the Ey is more significant, fol-
lowed by |E| and Ex. As δ increases from 0 to 200 µm, |E|, Ex, and Ey decrease up to
approximately 54%, 30%, and 68%, respectively. When dielectric thickness increases
from 0 to 50 µm, the |E|, Ex, and Ey experience losses about 25%, 12%, and 38.7%,
respectively. This decrease is less prominent for higher values of δ. For instance,
when δ increases from 100 µm to 150 µm, the corresponding losses in |E|, Ex, and
Ey are 15.5%, 7.4%, and 17.8%, respectively.
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Figure 3·14: The impact of the thickness of the dielectric layer δ
in the normalized maximum of electric field components and E. The
electrode width and inter-electrode spacing are set to be 100 and 700
µm. The relative permittivity of the dielectric layer is d = 3. The
voltages of the phases A, B, and C are set to be 1 kV, 0, and 1 kV,
respectively.
3.4.2 Relative Permittivity
Figure 3·15(a) shows the normalized maximum values of the |E| on the EDS surface in
one fundamental spatial period as a function of relative permittivity. The normaliza-
tion is done with respect to d = 1: dielectric layer is air. As can be observed in Fig.
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3·15, the normalized values of the |E| increases as the dielectric permittivity of the
dielctric coating increases. The slope of the curve is high at lower values of the relative
permittivity while it decreases very quickly after it passes the relative permittivity of
10. Five different candidate dielectric materials used for the EDS, namely Borosili-
cate Glass, Polyurethane (PU), Ethylene Tetrafluoroethylene (ETFE), Polyethylene
Terephthalat (PET), and Corning R© Willow R© Glass (Corning R© Willow R© Glass–Fact
Sheet, 2015) are highlighted in Fig. 3·15(b). As Fig. 3·15(b) indicates, using ETFE,
PET, PU, Borosilicate Glass, and Corning R© Willow R© Glass give rise to 19%, 22%,
24%, 27%, and 29% increase in the normalized of the maximum of electric field inten-
sity, respectively, compared to air. Although Fig. 3·15(a) shows the behavior of the
maximum of the |E| as a function of relative permittivity, the maximum of tangential
and normal components of the electric field distribution have similar behaviors.
The behavior observed in Fig. 3·15(a) is justifiable using the capacitance concept.
The two adjacent electrodes in the EDS configuration of Fig. 3·2 make a capacitor
in which the dielectric medium of the equivalent capacitor consists of the transparent
dielectric layer and air. Since the dielectric constant is a measure of how the material
concentrates electric flux, increasing relative permittivity of the transparent dielectric
layer will increase the electric field intensity on the EDS surface.
3.4.3 Electrode Width and Inter-electrode Spacing
As denoted previously, the electric field distribution on the EDS surface is dependent
upon the electrode width and inter-electrode spacing through the Fourier coefficient
ak and bk and subsequently gk and hk and Ω0 =
2pi
3(w+g)
. in Eq. 4.18. The impacts of
the aforementioned parameters on the maximum of the electric field magnitude |E|
on the EDS surface in one fundamental spatial period have been shown in Fig. 3·16.
As can be seen in Fig. 3·16(a), as the electrode width increases, the maximum of |E|
decreases for a specific value of g; this decrease is more significant for smaller values
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Figure 3·15: Normalized maximum of |E| as a function of relative per-
mittivity d (a) and the magnified part of the curve (b). The thickness
of the dielectric coating has been considered 100 µm. The voltages
of the phase A, B, and C are set to be 1 kV, 0, and 0, respectively.
The electrode width and inter-electrode spacing are 100 µm and 700
µm, respectively. The relative permittivities for Borosilicate Glass, PU,
ETFE, PET, and Corning R© Willow R© Glass are 4.6, 3.5, 2.5, 3, and 5.5,
respectively.
of w. For instance, when g = 600 µm and w changes from 50 to 100, 100 to 150, and
then 150 to 200 µm, the percent of decrease is 9%, 6%, and 4%, respectively. Figure
3·16(b) provides the maximum of |E| as a function of w for four values of g. The
effect of change in the g is more significant between trends in Fig. 3·16(b). When
w = 100 µm and g changes from 100 to 200, 200 to 300, and then 300 to 400 µm, the
percentages of decrease are 25.8%, 19.49%, and 15.10%, respectively.
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Figure 3·16: The impacts of (a) inter-electrode spacing g and (b)
electrode width w on the maximum of electric field norm (unit: MV/m)
on the EDS surface in one fundamental spatial period. The voltages of
phases A, B, and C are set to be 1 kV, 0, and 1 kV, respectively. The
thickness and relative permittivity of the dielectric coating are 50 µm
and 3, respectively.
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Chapter 4
Electrostatic Force Distribution
4.1 Introduction
In dust particle removal by the EDS, Coulomb force is considered the predominant
one among the repelling forces. Therefore, having a detailed model of the electrostatic
force distribution on an electrodynamic screen is of utmost importance in evaluating
its performance, examination of influential parameters, and maximizing dust removal
efficiency. In this paper, we present analytical solutions for the electric potential and
electric field distribution in an EDS with one layer of dielectric coating. The numer-
ical analysis of the electric field, implemented in COMSOL R© Multiphysics R© finite
element analysis (FEA) software corroborate the derived anlaytical expressions. The
impacts of influential parameters: electrode width, inter-electrode spacing, thickness
and relative permittivity of the dielectric coating in the electric field distribution have
been studied thoroughly.
The generated electric field on and above the EDS surface has a non-uniform distri-
bution. As a consequence, the accumulated dust particles, whether charged or neutral,
experience dielectrophoretic (DEP) forces (Pohl, 1978). Numerous studies have pur-
suit the application of dielectrophoresis phenomenon in the biological research areas
and microfluidic devices for particle manipulation and separation (Kadaksham et al.,
2006), (Kua et al., 2008), (Li et al., 2014), (Pethig, 2010). This phenomenon, however,
has not been studied thoroughly in the EDS application. It is strongly speculated
that the dust particles are charged electrostatically through triboelectrification pro-
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cess caused by the DEP forces, especially in initial moments of EDS operation when
the particles have no net charge or their charge is insignificant (Kawamoto et al.,
2006). In this study, the analytical expressions for the mulipolar DEP forces up to
the third-order are obtained, based upon the closed-form solutions of the electric field
distribution. As the analytical expressions for the mulipolar DEP forces are provided,
studying the behavior of these forces and the impacts of different parameters have
been made feasible, something which was not done previously, to the best knowledge
of the authors. The analytical expressions for the DEP forces presented herein can
be embedded efficiently in the equation of motion for particle trajectory modeling,
something that seemed a formidable task previously (Calle et al., 2009a).
The ultimate goal of the EDS operation is to ensure at each given point over the
EDS surface, the summation of repelling forces are greater than the attracting ones
in the balance of forces exerted on the particle. Based upon different mathematical
models suggested in the literature, several comparisons have been made between the
exerted forces on the particle. The impacts of surface asperities in the particle and
the top EDS surface have received significant attention to have a more thorough
and realistic comparison. The detrimental effect of relative humidity increase in the
increase of capillary force, acting as the predominant force among adhesion force, has
been emphasized.
4.2 Multipolar Dielectrophoretic (DEP) Forces
As noted in preceding section, the electric field distribution on the EDS surface is a
nonuniform electric field. When a dust particle, either neutral or charged, approaches
the EDS proximity or simply is deposited on the EDS surface, it is exposed to the
applied nonuniform electric field present in the space above the EDS. In this expo-
sure, electric charges are redistributed differently at the two interfaces of the particle
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and the medium (air). This charge at the interface of particle and medium is called
Maxwell-Wagner interfacial charge (Morgan and Green, 2003). The amount of charge
accumulated at the interface depends upon the electrical properties (conductivity and
permittivity) of both the particle and medium and the applied electric field. Due to
this charge accumulation on the two sides of the particle, a net dipole forms across
the particle, which its direction either parallel or against the electric field depends on
the polarizability of the particle. The induced dipole experiences different strengths
of the electric field at its both ends because of the nonuniformity of the field and
this imbalance of forces gives rise to the particle movement. This is called the dielec-
trophoresis (DEP) effect. Dielectrophoresis have been used widely in microsystems as
an effective method for manipulating particles. However, as mentioned in the intro-
duction of the paper, it has not received significant attention in the EDS application.
Since we have derived the analytical expressions for the electric field distribution, the
calculation of DEP forces has become feasible.
The general nth−order multipolar DEP force for a 2-D problem is given by (Washizu
and Jones, 1994):
F(n) = −4pinmKnR
2n+1
(2n− 1)!!
∑
p+q=n
1
p!q!
[ ∂nφ
∂xp∂yq
∂nE
∂xp∂yq
]
(4.1)
in which R is the particle radius, φ is the electrostatic potential in the space in the
absence of particle, E is the applied electric field, m is the dielectric permittivity of
the medium, and Kn is the generalized polarization coefficient. The general expression
for the polarization coefficient is given by
Kn(ω) =
∗p(ω)− ∗m(ω)
n∗p(ω) + (n+ 1)∗m(ω)
, (4.2)
where ∗m and 
∗
p are the complex dielectric permittivity of the medium and particle,
respectively, and ω is the angular frequency of the applied electric field. Complex
128
electrical permittivity of a material denoted as ∗ in general form is written as
∗ = − iσ/ω (4.3)
in which i and σ are the imaginary unit and the conductivity of the material,
respectively. At low and high frequency, the polarization coefficient is reduced to the
following expressions, respectively:
Kn(ω) =
σp − σm
nσp + (n+ 1)σm
when ω → 0, (4.4)
Kn(ω) =
p − m
np + (n+ 1)m
when ω →∞. (4.5)
At low frequencies of the applied electric field, the conductivity of the particle and
medium determine the polarization coefficient while the dielectric permittivities of the
two materials are the influential parameters at high frequencies. If both materials,
i.e. dust particle and the medium (air) are perfect dielectric materials, then their
conductivities in Eq. 4.2 can be considered to be zero. Hence, the general polarization
coefficient, provided in Eq. 4.2, is reduced to the following expression:
Kn =
p − m
np + (n+ 1)m
, (4.6)
which is independent of the angular frequency of the applied electric field. Hence-
forth in this paper, we assume the dust particles and the air are both perfect dielectric
materials and the polarization coefficient is obtained from Eq. 4.6. Since the polar-
izability of the particles in the EDS application are greater than the air: p > 0, the
polarization coefficient is always positive and the dust particles experience positive
dielectrophoresis and move towards the regions with higher electric field intensities.
First-order polarization coefficient K1 is generally called the Clausius-Mossotti factor.
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In this paper, we consider the DEP forces for a lossless spherical dielectric particle
with radius R and relative permittivity p suspended in a lossless, dielectric medium
of permittivity m which is equal to 0. Particles with ohmic losses are not in the
scope of this work (Jones, 1995).
Figure 4·1(a) shows a dust particle deposited on an EDS surface and Fig. 4·1(b)
depicts the charge accumulation on two sides of the dust particle in a non-uniform
electric field, where the dust particle experiences positive DEP force.
a
++
++
+
+ --
--
Electrodes
-
b
Figure 4·1: (a) Dust particle deposited on an EDS surface, where
one of the electrodes is connected to a positive voltage +V and the
other electrode is at 0 potential and (b) Dust particle with radius R
and permittivity p, exposed to the non-uniform electric field generated
by EDS, experiencing positive DEP force. Accumulation of positive
electric charges on the left side of the particle, where electric field lines
are closer, i.e. stronger electric field intensity, is higher than the right
side of particle, where negative electric charges have accumulated due
to a weaker electric field intensity.
The total DEP force exerted on the particle is given by
Ftot = F(1) + F(2) + F(3) + . . . (4.7)
in which F(1), F(2), and F(3) are the first-order, second-order, and third-order DEP
forces, respectively. Following the general form of Eq. 4.1, they are written as
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F(1) = 4pi0R
3K1S
(1), (4.8)
F(2) =
4
3
pi0R
5K2S
(2), (4.9)
F(3) =
2
15
pi0R
7K3S
(3). (4.10)
The polarization coefficients K1 to K3 in Eqs. 4.8 to 4.10, according to Eq. 4.6,
are given by:
K1 =
p − 0
p + 20
, (4.11)
K2 =
p − 0
2p + 30
, (4.12)
K3 =
p − 0
3p + 40
. (4.13)
Furthermore, in Eqs. 4.8 to 4.10, the DEP force spatial factors are denoted as
S(n) as they depend upon the gradient operations on the electric field. They are
two-dimensional vectors given by
S(n) = S(n)x ax + S
(n)
y ay (4.14)
The closed-form expressions for the DEP spatial factors are given by
S
(1)
` = Ex
∂E`
∂x
+ Ey
∂E`
∂y
(4.15)
S
(2)
` =
∂Ex
∂x
∂2E`
∂x2
+ 2
∂Ex
∂y
∂2E`
∂x∂y
+
∂Ey
∂y
∂2E`
∂y2
(4.16)
S
(3)
` =
∂2Ex
∂x2
∂3E`
∂x3
+ 3
∂2Ey
∂x2
∂3E`
∂y∂x2
+ 3
∂2Ex
∂y2
∂3E`
∂x∂y2
+
∂2Ey
∂y2
∂3E`
∂y3
(4.17)
where ` = x- or y-direction, respectively. It should be noted that since the curl
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of the electrostatic field is zero (∇×E = 0), we have ∂Ey/∂x = ∂Ex/∂y. This point
has been used in the simplification of the expressions provided in Eqs. 4.15 to 4.17.
In previous Chapter, we derived the analytical expressions for the electric field
components in the air:
Ea(x, y) =
{
Ω0
∑
k
e−Ω0k(y−δ)[kgk sin(Ω0kx)− khk cos(Ω0kx)]
}
ax +{
Ω0
∑
k
e−Ω0k(y−δ)[kgk cos(Ω0kx) + khk sin(Ω0kx)]
}
ay (4.18)
Based upon the Eq. 4.18, the explicit expressions for the DEP spatial factors S(1)
to S(3) can be derived by taking the partial derivation with respect to x and y. The
first-order DEP spatial factors are:
S(1)x = Ω
3
0
∞∑
j=0
j∑
k=0
k(j − k)2e−jΩ0(y−δ)[C1 cos(Ω0(j − k)x) + C2 sin(Ω0(j − k)x)],
(4.19)
S(1)y = Ω
3
0
∞∑
j=0
j∑
k=0
k(j − k)2e−jΩ0(y−δ)[C2 cos(Ω0(j − k)x)− C1 sin(Ω0(j − k)x)],
(4.20)
The second-order DEP spatial factors are given by:
S(2)x = 2Ω
5
0
∞∑
j=0
j∑
k=0
k2(j − k)3e−jΩ0(y−δ)[C1 cos(Ω0(j − k)x) + C2 sin(Ω0(j − k)x)],
(4.21)
S(2)y = 2Ω
5
0
∞∑
j=0
j∑
k=0
k2(j − k)3e−jΩ0(y−δ)[C2 cos(Ω0(j − k)x)− C1 sin(Ω0(j − k)x)],
(4.22)
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and finally, the third-order DEP spatial factors are as follows:
S(3)x = 4Ω
7
0
∞∑
j=0
j∑
k=0
k3(j − k)4e−jΩ0(y−δ)[C1 cos(Ω0(j − k)x) + C2 sin(Ω0(j − k)x)],
(4.23)
S(3)y = 4Ω
7
0
∞∑
j=0
j∑
k=0
k3(j − k)4e−jΩ0(y−δ)[C2 cos(Ω0(j − k)x)− C1 sin(Ω0(j − k)x)],
(4.24)
in which
C1 = [gkgj−k + hkhj−k] sin(Ω0kx) + [gkhj−k − hkgj−k] cos(Ω0kx), (4.25)
C2 = [gkhj−k − hkgj−k] sin(Ω0kx)− [gkgj−k + hkhj−k] cos(Ω0kx). (4.26)
The expression for the Fourier coefficients gk and hk have been provided in Chapter
3. In deriving the closed-form solutions for the DEP spatial factors, we have used
the Cauchy product, which states that if we have two infinite sequences
∑∞
n=0 an and∑∞
n=0 bn, then the Cauchy product is defined by a discrete convolution as follows:
( ∞∑
n=0
an
)
·
( ∞∑
n=0
bn
)
=
∞∑
j=0
cj, where cj =
j∑
k=0
akbj−k. (4.27)
Now we have the most comprehensive expressions for the DEP force up to the
third-order. These expressions can be easily implemented in the particle trajectory
modeling studies for the EDS application. Dependent upon of the geometry of the
configuration of the electric field and its degree of non-uniformity, different approxi-
mations can be used for the DEP forces.
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4.3 Discussion on the multipolar DEP forces
The closed-form expressions for the calculation of DEP forces up to the third-order
were obtained in previous section. In this section, we consider the numerical imple-
mentation of the mulipolar DEP forces and investigate the influential parameters.
Figure 4·2 shows the first-order DEP forces exerted on a particle with 5 µm radius
in one fundamental spatial period for cases of 1, 2, and 3 of the voltage combinations,
as highlighted in Chapter 3. The DEP forces for the cases 4, 5, and 6 are identical to
1, 2, and 3, respectively. The illustrated DEP forces for the three cases are identical
except a shift of w+g = Ts
3
along the x axis. Since F
(1)
y is negative, i.e. it always points
towards −y or towards the EDS surface, we have considered the |F (1)y | in Fig. 4·2.
Negativity of the vertical component of the first-order DEP force F
(1)
y is consistent
with the fact that the dust particle experiences positive DEP force. As can be seen
from Eq. 4.18, the magnitude of the Ey monotonically decreases as y increases.
However, the magnitude of Ex decreases and increases continually along the x axis
in one fundamental spatial period. Since the gradient of the electric field component
determines the direction of the DEP force, the F
(1)
x changes sign continuously in one
fundamental spatial period while F
(1)
y is always points towards the EDS surface.
In Fig. 4·2, the maximum and minimum values of the F (1)x are 0.54 nN and −0.54
nN, respectively. The magnitude of the vertical component of the first-order DEP
force reaches its maximum and minimum values of 1.25 nN and 1.56 pN, respectively.
The average value of the vertical component of the first-order DEP force that the
dust particle experiences along the x axis in one fundamental spatial period is 0.21
nN. For comparison purposes, if we assume the density of the particle is 2300 kg/m3,
the weight of the particle is calculated as 11.8 pN.
Similar to the study on the effect of dielectric thickness on the electric field in-
tensity on the EDS surface, we examine how dielectric film thickness δ affects the
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Figure 4·2: First-order DEP forces in x- and y-direction: (top) F (1)x
(unit: nN) and (bottom) |F (1)y | (unit: nN) for three cases of 1, 2, and 3
of the voltage combinations, as highlighted in Chapter 3. The thickness
of the dielectric coating and radius of the spherical lossless dust particle
are 50 and 5 µm, respectively. The electrode width and inter-electrode
spacing are 100 and 700 µm, respectively. The relative permittivity of
the transparent dielectric layer and the particle are assumed to be 3
and 4, respectively. The amplitude of voltage pulses is 1 kV.
first-order DEP forces that a test dust particle experiences in one fundamental spa-
tial period on the EDS surface. Figure 4·3 illustrates how the |F (1)y | changes along the
x axis in one fundamental spatial period for different values of δ. Since the electrode
width and inter-electrode spacing are considered to be 100 and 700 µm, respectively,
the first, second, and third electrodes are located at [0,100 µm], [800 µm,900 µm], and
[1600 µm,1700 µm], respectively, in Fig. 4·3. Noting the positions of the electrodes,
it is clear that when the test dust particle sitting right on the top of the tips of the
electrodes, it experiences the maximum DEP force, while when it moves along the x
axis and reaches the center of the electrodes, the DEP force continuously decreases.
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Once it travels from the center of the electrodes and reaches the end tip of the elec-
trodes, it experiences an increasing DEP force. This behavior is clearly recognizable
when δ = 20 µm and and to some extent when δ = 40 µm. However, it gets less
salient when δ increases and reaches 100 µm.
In Fig. 4·3, as δ increases, the amplitudes of the maxima and minima of the DEP
force continuously decrease, but this decrease is more prominent when δ changes from
20 µm to 40 µm than when it changes from 80 µm to 100 µm. For instance, |F (1)y |
experiences 53.7% decrease when δ changes from 20 to 40 µm, while this decrease is
28% when δ changes from 80 µm to 100 µm. The spikes in the curve for 100 µm is
attributable to the fact that the |F (1)y | is very close to 0. In Fig. 4·3, the test dust
particle with 5 µm radius experiences an average value of first-order DEP force of
0.47, 0.26, 0.17, and 0.12 nN for δ = 20, 40, 60, and 80 µm, respectively.
4.3.1 The impact of applied voltage
Figure 4·4 depicts the behavior of the vertical component of the first-order DEP force
and Coulomb force as a function of particle radius for four different applied voltages.
To calculate the Coulomb force in Fig. 4·4, we have assumed that the dust particle
is charged positively to its saturation charge level of q = 4piR2σs, in which R is the
particle radius and σs = 27 µC/m
2. It is noted that in Fig. 4·4, the direction of the
vertical component of the first-order DEP force is towards −y while the Coulomb force
points towards +y. When the applied voltage is 1, 1.2, 1.4, and 2 kV, the maximum
of the electric field magnitude reaches 2.26, 2.7, 3.16, and 4.5 MV/m, respectively, on
the EDS surface. When the applied voltage changes from 1 kV to 2 kV, the Coulomb
force shows 100% increase, which is completely expected as the electric field intensity
follows the voltage pattern in a linear fashion, while the DEP force has an 300%
increase.
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Figure 4·3: The impact of the thickness of transparent dielectric mate-
rial on the magnitude of the vertical component of the first-order DEP
force (unit: nN) in one fundamental spatial period in one fundamen-
tal spatial period, exerted on a resting dust particle with 5 µm radius.
The electrode width and inter-electrode spacing are 100 and 700 µm,
respectively, and the voltages of first, second, and third electrodes are
1 kV, 0, and 1 kV, respectively.
4.4 Force Comparison
Since the ultimate goal of using EDS is removing dust particles from the optical
surfaces of solar collectors, having a comparison between the adhesion forces and
repelling forces is of utmost importance in order to evaluate the EDS performance.
To perform this comparison, we consider Fig. 4·5(a), in which the particle is sitting
right on top of the energized electrode, where it experiences the maximum of the first-
order DEP force in the −y direction, as addressed in Fig. 4·2. Since the electrode is
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Figure 4·4: Variation of the magnitude of vertical component of the
first-order DEP force |F (1)y | and Coulomb force as a function of particle
radius for four different applied voltages. The electrode width and inter-
electrode spacing are 100 µm and 700 µm, respectively. The thickness
of the dielectric coating is 50 µm and its relative permittivity is 3. The
electric potential of electrodes A, B, and C are V , 0, and V , respectively,
in which V is the applied voltage. The test particle is positioned right
on top of the energized electrode C.
energized, the electric field distribution right above the electrode on the EDS surface
experiences the maximum of the Ey in the +y direction. The free body diagram of
the vertical forces exerted on the particle is illustrated in Fig. 4·5(b). It is assumed
that the particle is positively charged and all the depicted forces are exerted on the
center of the particle. Exerted forces addressed in Fig. 4·5 are calculated as follows:
1. Gravity Fg: the gravitational force for a spherical particle with radius R is
calculated as
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Fg =
4
3
piρR3g, (4.28)
in which ρ is the density of the particle and g is the gravitational acceleration.
2. Coulomb Force FC: the vertical component of the Coulomb force exerted on the
particle is obtained from the expression FC = qEy, in which Ey is the vertical
component of the electric field distrbution calculated in the center of the particle
and q is the electric charge of the particle. We assume the particle is positively
charged to its saturation level. The electric charge of the particle is obtained
from the following expression:
q = 4piR2σs, (4.29)
in which σs is the surface saturation charge of the particle and R is the particle
radius.
3. Image force Fi: the image force is calculated from the following expression:
Fi =
1
4pi0d
q2
[2(δ +R)]2
, (4.30)
in which d is the relative permittivity of the dielectric layer, δ is the thickness
of the dielectric layer, and q is the charge of the particle obtained from Eq.
4.29. It should be noted that this expression is valid if the size of the particle is
much smaller than the electrode width. If the particle size is comparable with
the electrode width, Eq. 4.30 is merely an approximation to the exact image
force.
4. Adhesion force Fa: the adhesion force is considered to be the summation of the
two forces when the particle is in contact with the surface: van der Waals force
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and capillary force, denoted as FvdW and Fcap, respectively. The mathematical
expression for the van der Waals force between perfectly smooth particle and
surface with no roughness is calculated from the following formula (Israelachvili,
2011):
FvdW =
AhR
6D2
, (4.31)
in which R is the radius of the adhering particle, D ≈ 0.3-0.4 nm is the equilib-
rium separation between two solid surfaces, and Ah is the Hamaker constant.
Typical values for the Hamaker constant is in the order of 10−19 J in vacuum.
The capillary force Fcap, as depicted in Fig. 4·5(c), is obtained from the follow-
ing formula (Pakarinen et al., 2005):
Fcap = 2piR[cos(θ1) + cos(θ2)]γW , (4.32)
in which θ1 and θ2 are the contact angles of particle and surface, respectively,
and γW the surface tension of water. It should be noted that Eq. 4.32 is merely
an approximation for the capillary force which is independent of the relative
humidity. As has been shown in different experimental studies such as (C¸olak
et al., 2012), the capillary force increases significantly with relative humidity.
However, for the sake of initial comparison of forces, we use the simplified
expression of capillary force provided in Eq. 4.32.
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Figure 4·5: (a) dust particle with radius R sitting right above the
energized electrode, (b) free-body diagram of the forces exerted on the
particle in the y-direction. The terms FD, Fg, Fi, Fa, and FC denote
the vertical component of the first-order DEP force, gravity, image
force, adhesion force, and vertical component of the Coulomb force,
respectively, (c) formation of water meniscus between the particle and
the representation of the capillary force. θ1 and θ2 are the particle
and surface contact angles, respectively, and D denotes the equilibrium
distance between two solids and is≈ 0.3-0.4 nm. The equilibrium radius
of the meniscus is denoted as r.
Figure 4·6 illustrates the behavior of different forces exerted on the particle as a
function of particle radius R. The numerical parameters used to calculate the forces
in Fig. 4·6 are provided in Table 4.1. As Fig. 4·6 depicts, the capillary force is
the predominant adhering force, followed by the van der Waals force. As the van
der Waals force is smaller than the capillary force by an order of magnitude, the
summation of these forces, the so-called adhesion force, is very close to the capillary
force. The Coulomb force acting as the repelling force is approximately three orders
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of magnitude smaller than the adhesion force. When δ increases, image force, DEP
force, and Coulomb force all decrease, as addressed previously, while gravity, capillary
force, and van der Waals force do not change, assuming the surface roughness do not
change with the increase of dielectric thickness.
Based upon what Fig. 4·6 suggests, the EDS is not able to remove any particle
size with the current design even when the particle acquire maximum possible surface
charge and maximum vertical electric field component. In other words, the adhering
force is much stronger than the repelling force. However, the model for the van
der Waals force and capillary force considered in Fig. 4·6 are the ideal models,
in which a perfectly smooth spherical particle is in contact with a smooth surface
which none of them do not possess any asperities. In practice, both particle and
surface possess asperities that affect the ideal models expressed in Eqs. 4.31 and
4.32 significantly. This is a point that has received significant attention by different
researchers working in the field of particle surface retention and resuspension. As
highlighted by Rabinovich et al. (Rabinovich et al., 2002), presence of roughness of
about 1 or 2 nm root mean square (RMS) in the surface decreases the adhesion forces
calculated for an ideal model by an order of magnitude or more.
Table 4.1: List of parameters used in the comparison of the forces
Variable Desription Numerical Value
g gravitational acceleration 9.8 m/s2
ρ density of the particle 2300 kg/m3
d relative permittivity of the dielectric layer 3
δ thickness of the dielectric layer 40 µm
Ah Hamaker constant 6.5×10−20 J
D equilibrium distance between two solid surfaces 0.3 nm
γW surface tension of water at room temperature 0.073 N/m
θ1, θ2 contact angle of particle/surface pi/6 rad
p relative permittivity of the particle 4
σs surface saturation charge of the particle 27 µC/m
2
In order to have a more thorough and realistic idea of the magnitude of the
adhesion forces exerted on the particle, we consider Corning R© Willow R© borosilicate
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Figure 4·6: Comparison of the attracting and repelling forces exerted
on the particle as a function of particle radius when the particle is
sitting right on top of the energized electrode. The electrode width
and inter-electrode spacing are 100 and 700 µm, respectively, and the
electrode has 1 kV electric potential.
glass (Corning R© Willow R© Glass–Fact Sheet, 2015), a promising candidate as the top
transparent dielectric layer of the EDS, in which its surface roughness is known.
According to its fact sheet, the roughness average denoted as Ra and peak to valley
roughness, denoted as Rpv, are < 0.5 nm and < 20 nm, respectively. It is noted that
the Ra is the arithmetic average of the absolute values of the profile height deviations
from the mean line, recorded within the evaluation length. The root mean square of
the surface roughness, denoted as RMS, is defined as the average of the profile height
deviations from the mean line, recorded within the evaluation length. Assuming the
profile height function has a sinusoidal pattern with a particular spatial period along
the horizontal axis, the relationship between the Ra and RMS values is obtained as
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follows:
RMS = 1.1Ra. (4.33)
Hence, for the Corning R© Willow R© glass, the RMS < 0.55 nm.
According to the model developed by Rabinovich et al. (Rabinovich et al., 2002),
the van der Waals force between a particle and a surface with nanoscale roughness,
based upon our notations and symbols in this paper, is expressed as
FvdW =
AhR
6D2
[ R2pv
R2pv + 63.95RRa
+
D2
(D + 2Ra)2
]
, (4.34)
in which Ah is the Hamaker constant of the surface, R is the radius of the particle,
and D ≈ 0.3 nm. The Hamaker constant of a particular material is related to its
surface energy via the following equation (You and Wan, 2013):
Ah = 1.44× 10−18γ, (4.35)
in which γ is the surface energy of the material in J/m2. The surface energy of the
Borosilicate glass is considered to be 0.04 J/m2. Therefore, its Hamaker constant is
Ah = 5.76× 10−20 J.
The proposed model for the capillary force, when the surface roughness of the
surface is taken into account, is expressed as (Rabinovich et al., 2002):
Fc = 4piγWR cos θ
[
1− Ra
r cos θ
]
, (4.36)
in which cos θ = (cos θ1 +cos θ2)/2 and r is the equilibrium radius of the meniscus,
as illustrated in Fig. 4·5(c). The radius of the meniscus is obtained from the following
expression
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r = − γWV
NakT ln(p/ps)
, (4.37)
in which V = 18 × 10−6 m3/mol is the molar volume of water, γW = 0.073 N/m
is the surface tension of water at room temperature, Na is the Avogadro constant, k
is the Boltzmann constant, T is the temperature in Kelvin, and p/ps is the RH with
p the vapor pressure and ps the saturated vapor pressure. At room temperature, Eq.
4.37 is expressed as
r = −5.27× 10
−10
ln(p/ps)
(4.38)
The criteria for the meniscus formation between the two surfaces is the term inside
the bracket in Eq. 4.36 should be positive, i.e.:
Ra ≤ r cos θ (4.39)
Assuming θ1 = θ2 = pi/6, the condition for meniscus formation and consequently
presence of capillary force is RH ≥ 41%. For relative humidity values less than 40%,
there is no meniscus between the particle and the surface and no capillary force.
Figure 4·7 provides a comparison between the vertical component of Coulomb
force, identical to the one in Fig. 4·6, the modified van der Waals force, and capillary
force for different values of RH. In Fig. 4·7, the van der Waals force drops more
than 1 order of magnitude, compared to the ideal case, when the surface roughness
is considered and calculated via Eq. 4.34. Although the Coulomb force starts from
0.93 and 1.35 order of magnitude lower than the curves for modified van der Waals
force and capillary force for RH = 41%, respectively, it exceeds them after R = 8 µm
and R = 30 µm, respectively. In Fig. 4·7, as RH increases from 41% to 70%, the
capillary force increases and approaches the capillary force curve, calculated from Eq.
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4.32, in which it is independent of RH. The increase of capillary force magnitude is
much more prominent when RH changes from 41% to 50% rather than 50% to 60%
or 60% to 70%. The capillary force increases more than 1 order of magnitude when
RH changes from 41% to 50% while the capillary force experiences approximately 0.1
order of magnitude increase when RH changes from 60% to 70%.
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Figure 4·7: Comparison between the vertical component of Coulomb
force and ideal (no surface roughness) and non-ideal (with surface
roughness) van der Waals force and capillary force for several different
relative humidity values. The values for the Coulomb force is identical
to Fig. 4·6. The calculation of the modified van der Waals force and
capillary force is based upon the models suggested in (Rabinovich et al.,
2002).
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Chapter 5
Functional Analysis of an Electrodynamic
Screen
5.1 Introduction
In this chapter, we consider the functional analysis of an electrodynamic screen.
The EDS performance and its durability over a long course of exposure time are
significantly dependent upon the electrodes configuration, the transparent dielectric
layer(s), the fabrication method, and the applied voltage. In this chapter, different
numerical analyses have been conducted to investigate the potential causes of observed
failures of EDS prototypes that functioned well in a laboratory environment but
failed after outdoor exposure. We have analyzed different models of the EDS in the
COMSOL R© Multiphysics R© finite element analysis (FEA) software in order to examine
how the electric field behaves inside the stacked layers of dielectric coatings and on
the EDS surface.
In the fabrication method used to prepare EDS samples in the laboratory environ-
ment, we inadvertently let an air layer penetrate through the transparent dielectric
layers encapsulating deposited electrodes. It is strongly speculated that the trapped
air layer leads to significant fraction of failures in the EDS samples in the course of
operation. Furthermore, we use conductive epoxy paste to connect the third phase of
electrodes. In practice, however, this connection is not perfectly done and the conduc-
tive material breed from the specified spots after it has been applied. This breeding
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decreases the inter-electrode spacing and locally increases the electric field intensity
in the vicinity of electrodes. Using the FEA software, we are able to investigate the
electric field intensity in complex geometries and effectively model different potential
causes of failures.
5.2 Presence of Air Layer
Figure 5·1 shows the EDS configuration with two stacked layers of transparent dielec-
tric coatings, in which an air layer is trapped just above the electrodes with thickness
δ1.
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Figure 5·1: Cross-section of the EDS configuration with two stacked
layers of transparent dielectric coatings and an air layer just above the
electrodes.
Figure 5·2 depicts the electric field norm (i.e. |E|) in the vicinity of the energized
electrode and electric field vector in one fundamental spatial period. As can be clearly
see in Fig. 5·2(a), the electric field intensity in the air layer goes significantly above
3 MV/m, which is the breakdown strength of air. For clarity of the Fig. 5·2(a), the
maximum of the electric field intensity has been set to 6 MV/m as is clear in the
legend.
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5.3 Third Phase Connection
As stated in the introduction of this Chapter, the width of the third-phase increases
to more than w due to imperfect interconnection. Figure 5·3 shows the primary EDS
components.
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surface. As a result the EDS fabrication process can be incorporated into a roll-to-roll 
process improving scalability and also allowing manufacturing to take place in a location 
separate from the mirror. The process of applying the EDS stack to the mirror is 
relatively simple, it requires removing the plastic liner from the OCA and using a soft 
roller to press the stack to the mirror.  
 
Fabrication of EDS for its integration on the optical surface or for retrofitting 
application: 
	  
	  
	  	  
Fig. 2 – Primary EDS Components  
 
 
 
We believe this production process will be a more attractive prospect to possible 
manufacturing partners because it allows the EDS stack to be sold as a separate product 
from the mirror. Solar plant designers and project developers could combine the EDS 
system with any preferred mirror product as well as retrofit existing installations.  
mirror surface this does not represent a major issue as the interconnection provides 
sufficient protection, but in a print-to-flexible-substrate design the interconnection is 
sandwiched between the dielectric and the mirror surface. The high surface profile of the 
PET interconnection prevents an EDS stack from forming a proper bond with the mirror.  
 
A new modified design was implemented using a thin polyimide (Kapton) film with a 
silicone adhesive to replace the PET. The solar tabbing ribbon was replaced with a 70 µm 
conductive copper adhesive tape. Silver epoxy was still used to make contract between 
the transparent electrodes but by using a modified application process the thickness of the 
epoxy is reduced. By making these changes the interconnection thickness is reduced to a 
point that it does not interfere with application of the EDS stack to a mirror surface. 
 
Figure 5·3: The structure of the EDS and its interconnections.
This increase in the electrode width, decreases the inter-electrode spacing between
the third- phase electrode and adjacent electrodes. For the sake of analysis, we con-
sidered the EDS schematic depicted in Fig. 5·4, in which the width of the third-phase
electrode is considered to be 2w instead of w. We analyze the electric field intensity
to examine how it cha ges due to the aforementione imperfec inter onnection.
Figure 5·5 provides the numerical simulation results when the electrode with of
the third-phase is twice as the electrode width of the phases A and B. The electric
field magnitude in one fundamental spatial period is shown in Fig. 5·5(a) and Fig.
5·5(b) shows the electric field vectors and electric potential.
Figure 5·6 shows the comparison between the electric field intensities for two cases
of electrode geometries at y = 25 µm. As can be noticed in Fig. 5·6, case2 provides
slightly higher values for the electric field intensities at the tip of the electrodes.
Further investigation is needed to study the potential breakdown of the dielectric
layers in case of change in the electrode width.
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Figure 5·4: Cross-section of the EDS configuration with two stacked
layers of transparent dielectric coatings. The width of the third-phase
electrode, i.e. electrode C, is considered to be twice the width of the
electrodes A and B due to imperfect interconnection of the phase C.
Based on preliminary analysis performed in this Chapter, it was shown that pres-
ence of air layer has a very detrimental effect on the EDS performance, specially if
the air layer is trapped right above the electrode. Therefore, development of EDS
prototypes in the vacuum environment is greatly recommended in order to avoid the
failures in the long-term exposure. Also, alternative methods should be sought to
accommodate the third-phase electrodes. As it was shown, decrease in the inter-
electrode spacing increases the electric field intensity and put more stress on the
dielectric layers. Further works are needed to effectively model different geometries
and analyze the electric field intensity for improving the EDS performance and de-
creasing the failure rate.
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Figure 5·6: Comparison between the electric field intensity at y = 25
µm for two cases of electrode geometries. The width of the phase C
electrode in case 1 is w and the width of the phase C electrode in
case 2 is 2w. The numerical values for w and g are 100 and 400 µm,
respectively.
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Chapter 6
Performance Evaluation of an
Electrodynamic Screen
6.1 Introduction
Thus far, we have examined the electric field distributions and electrostatic force
distribution on an electrodynamic screen. In this chapter, we address the mitiga-
tion of soiling losses on a photovoltaic cell using the electrodynamic screen (EDS)
in a laboratory environment. For the reported experiments, an EDS sample has
been integrated into a PV cell for dust mitigation. The tests were conducted in an
environmentally-controlled test chamber at various applied voltages and inclination
angles and short-circuit current was recorded continuously. In the continuous cycles
of dust deposition and EDS cleaning and without manual cleaning, dust buildup was
observed, in which fine-adhered dust particles contributed in the loss of short-circuit
current. In order to evaluate the performance of the EDS in dust-particle removal, we
have studied the particle size distribution on the EDS surface after each dust depo-
sition and cleaning cycle using a custom-built dust-deposition analyzer. The results
show the performance of current EDS geometry in fine-adhered dust removal and
open more avenues for an optimum design, capable of higher dust removal efficiency.
The current chapter focuses mainly on the dust particle distribution analysis before
and after EDS activation of the particles on the EDS surface using a custom-build
dust deposition analyzer (DDA). The results of the study provide which size ranges of
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particles have not been removed by the current geometry of the EDS and operational
parameters. The results are applied in the optimization procedure of the EDS geom-
etry in order to maximize dust removal efficiency, especially removal of fine-adhered
dust particles without sacrificing optical transmission efficiency.
6.2 EDS Geometry
Figure 6·1(a) illustrates the configuration of the EDS in the xy-plane, in which the
electrodes are deposited on a glass substrate, then encapsulated by two layers of
transparent dielectric layers. Furthermore, Fig. 6·1(b) shows the top view of the EDS
and the spiral design of the electrodes. Once the EDS electrodes are energized by a
three-phase, high-voltage power supply, the accumulated dust particles are charged
electrostatically and transported laterally over the serve of the PV cell by the traveling
wave of transverse Coulomb forces. In practice, when the dust particles arrive at the
edge of the panel, they simply fall off the EDS surface.
6.3 Electric Field Distribution
Coulomb force is found to be the predominant force in the EDS dust-removal process.
Hence, examination of the electric-field distribution near the surface of the EDS is of
utmost importance in evaluating and understanding EDS performance. Figure 6·2(a)
shows the electric field norm, i.e. |E| = (E2x + E2y)0.5, as well as the electric field
vector. The electric potential within the dielectric layers and air is further provided
in Fig. 6·2(b). In both Figs. 6·2(a) and 6·2(b), the phases A, B, and C, have the
voltages 1 kV, 0, and 1 kV, respectively. As can be expected, the electric field vectors
in Fig. 6·2(a) originate from the energized electrodes (first and third) and terminate
in the electrode with zero potential (second electrode). Although the maximum of the
electric field norm in Fig. 6·2(a) reaches 13.8 MV/m in the vicinity of the electrodes,
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Glass Substrate 
Electrodes
Air
The font of the mathematical symbols 
is 10. 
Solar Module
Optically Clear Adhesive
Corning® Willow® glass
a
b
Phase A Phase B Phase C
Phase A Phase B Phase C
Dust Particles
Figure 6·1: (a) Cross-section of the EDS configuration with two
stacked layers of transparent dielectric coatings. The electrode width
and inter-electrode spacing are denoted as w and g, respectively.
The thickness and relative permittivity of the optically clear adhesive
(OCA) and Corning R© Willow R© glass are δ1, d1 and δ2, d2, respectively.
The solar module could be a photovoltaic cell or a reflecting mirror film
in a concentrated solar power application, (b) top view of the EDS and
the spiral design of the electrodes.
we have manually set the maximum of the presented data range to 3 MV/m. Since
the dust particles are exposed to the electric field on the EDS surface, investigating
the electric field distribution on the EDS surface is of our main interest. In Fig.
6·2(a), the maximum of the |E|, Ex, and Ey on the EDS surface reach 2.04, 1.3, and
1.63 MV/m, respectively. Also, the maximum and minimum of electric potential on
the EDS surface in Fig. 6·2(b) reach 900 and 118.9 volts, respectively.
Figure 6·3 illustrates the electric field components Ex and Ey as well as electric
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field norm |E| on the EDS surface in one fundamental spatial period Ts when the
amplitude of the applied pulses is 1 kV. The positions of the electrodes along the x
axis are highlighted in Fig. 6·3 to show how the electric field components change with
respect to the positions of the electrodes. In Fig. 6·3, the maximum of the Ey reach
1.62 MV/m in cases 1, 3, and 5 and 2.63 MV/m in cases 2, 4, and 6. The maximum
of electric field norm in cases 2, 4, and 6 is 2.65 MV/m, slightly less than the air
breakdown which is 3 MV/m. As Fig. 6·3 shows, the vertical component of the electric
field Ey attains its maximum and minimum value right on the middle of energized
and grounded electrodes, respectively. Hence, if the dust particle is positively charged
and it is located right on top of the energized and grounded electrodes, it experiences
maximum Coulomb force in positive and negative y directions, respectively.
6.4 Experimental Details
6.4.1 EDS-PV Sample
We fabricated laboratory-scale EDS sample using a photolithography process. The
design for a three-phase spiral configuration was first performed using CAD software,
then loaded into the mask writer in a cleanroom environment to write directly onto
a chrome-film coated borosilicate glass substrate with an overcoat of a photoresist
film. The electrode width and inter-electrode spacing are set to 100 µm and 700 µm,
respectively. The EDS sample was then developed and etched after completion of
the writing process. The interconnection of three phases of EDS is done using silver
epoxy and oven treatment for 15 minutes at 75◦C. After this step, an OCA layer
and a layer of Corning R© Willow R© glass, both having 50 µm thickness, are placed
sequentially on the EDS surface in the laboratory environment using a roller. We use
a roller to place the aforementioned dielectric layers on the EDS sample in order to
avoid introducing air bubbles between the EDS and OCA or the two dielectric layers,
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as the process is not done in vacuum. Presence of air bubbles between the dielectric
layers or the EDS and OCA increases the chance of EDS failure due to dielectric
breakdown. After this step, the EDS is integrated with a monocrystalline PV cell
using silicone encapsulant. To avoid air bubbles becoming trapped in the silicone
encapsulant QSIL 216 used during the integration process, the EDS-PV sample is
placed in a vacuum chamber. After 2-3 days exposure to the laboratory environment,
the silicone encapsulant is dried and the sample is ready to be tested. Figure 6·4
shows four photos of the different procedures used in EDS-PV sample development.
6.4.2 Test Chamber
An environmentally-controlled test chamber was used for all laboratory-scale experi-
ments. The humidity was controlled using a microcontroller to activate either a hu-
midifier or a dehumidifier. The dehumidifier is made from a fan blowing air through a
large pipe containing silica desiccant particles which absorb moisture in the chamber.
They are changed periodically with overnight, oven-dried desiccant to maintain effi-
ciency. A vibratory sieve No. 170 with nominal openings of 88 µm was used to deposit
JSC Mars-1A simulant dust (JSC Mars-1A: a Martian soil simulant, 2015) uniformly
over the EDS-PV sample. The latter was then mounted on a structural apparatus
with an adjustable inclination angle, then placed under the vibratory sieve. JSC
Mars-1A simulant dust was used throughout the entire experiment procedures due to
the fact that is well categorized and its particle size distribution is well-documented.
A 150 W high-intensity halogen lamp light source OSL1 (High-intensity halogen lamp
light source OSL1, 2015) provided the light incident on the mounted EDS-PV sample.
The light source includes a 91 cm long fiber bundle. A Tektronix CDM250 digital
multimeter was used to record the short-circuit current of the PV cell. A custom-
build power supply that provides three-phase rectangular pulses with 50% duty cycle,
variable frequency (5–100 Hz) and pulse amplitude up to 1200 volts was used for EDS
160
a b
c
Phase A
Phase B
Phase C
d
Figure 6·4: Development of EDS-integrated PV sample: (a) Develop-
ment of spiral EDS pattern on a 4×4 inch brosilicate glass with 2 mm
thickness in the clean room environment, (b) a microscopic image of
the EDS sample after development and etching processes with electrode
width and inter-electrode spacing of 100 µm and 700 µm, respectively,
(c) after connecting the three-phase connections and placing the OCA
layer and Corning R© Willow R© glass, and (d) encapsulated EDS with the
PV cell.
activation. The input to the power supply is 12 Vdc. In these experiments, we set the
excitation frequency to 5 Hz.
6.4.3 Dust Deposition Analyzer
To help evaluate EDS performance in the dust particle removal process, we stud-
ied the particle-size distribution on the EDS surface after both dust deposition and
EDS activation using a custom-build dust deposition analyzer (DDA) apparatus. A
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Sieve
Light Source
EDS-PV Sample
Dehumidier
Humidier
Figure 6·5: The environmentally-controlled test chamber used in the
study.
computer program, developed in MATLAB R© controls both the translation stage and
digital microscope, taking different images from multiple locations across the sample.
Once all the images are taken, the software program is able to provide information
on the particle size distribution on the surface. The program is equipped with the
feature of subtracting background information such as opaque electrodes of the EDS.
The transnational stage is equipped with two unipolar NEMA 23, 125 in-oz stepper
motors. The resolution of the motors is 1.8 degrees which provides the table with
6.35 µm resolution. Both motors are are driven by two H-bridge drivers, controlled
via serial communication of the computer. A digital microscope with a magnification
of 200x and a resolution of 640×480 was used to image the surface. For the purpose
of our study, we considered 25 images in a 5×5 array for a 4×4 inches sample. Figure
162
6·6 shows the dust deposition analyzer.
Stepper Motors
EDS-PV Sample
Digital Microscope
Microcontrollers
Power Supply
Figure 6·6: Custom-build Dust Deposition Analyzer (DDA) used in
the study.
6.5 Results and Discussion
To initialize the procedure, the thoroughly-cleaned EDS-PV sample was inclined at
a chosen angle under the dust-deposition sieve, and the light source positioned per-
pendicularly to the sample. Throughout the entire paper, by using the term “exper-
imental run”, we mean the following steps are pursued sequentially:
1. the Isc of the thoroughly-cleaned sample is recorded,
2. test dust is deposited on the sample using the sieve and the Isc of the dusty
sample is recorded,
3. sample is examined using the DDA and then be placed back in the test chamber,
4. the EDS is then activated for 1 minute to remove dust,
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5. the restored Isc is recorded, and
6. the sample is analyzed using the DDA as a means for evaluating EDS perfor-
mance in cleaning process.
In conducting the experiments, we follow two sequences of operations:
• Operation 1: after each individual cycle of dust deposition and cleaning using
EDS, as addressed above, the sample was thoroughly and delicately cleaned with
deionized (DI) water and KimwipesTM and left to be dried for 15–20 minutes
in the laboratory environment, and
• Operation 2: no manual cleaning with DI water performed between the cycles
of dust deposition and EDS activation.
By pursuing Operation 2, we examine the degradation of EDS performance and
dust buildup on the sample after several cycles of dust deposition and cleaning using
EDS, similar to what happens in outdoor exposure of the PV sample in solar field.
6.5.1 Impact of Inclination Angle
Following Operation 1, Fig. 6·7 shows the results of the Isc restoration of the PV
cell using EDS for two different inclination angles relative to horizontal: 20◦ and
30◦ when the amplitude of the applied pulses is 1 kV. The Isc of clean, dusty, and
restored EDS-PV sample are normalized to the Isc of clean sample in each individual
experimental run. Table 6.1 provides the averages of Isc loss and restoration in the
cases of 20◦ and 30◦, when the applied voltage is 1 kV.
Similar to what has been shown in Fig. 6·7, we have examined the effect of
tilt angle when the applied voltage is 1200 volts. Table 6.2 summarizes the results
obtained for restoration of Isc when 1200 volts applied.
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Figure 6·7: Restoration of Isc for two cases of (a) 20◦ and (b) 30◦,
when the applied voltage is 1000 V.
Table 6.1: Average of Isc loss and restoration for 10 experimental runs
for 1 kV.
Tilt Angle Avg. of Avg. of
Isc loss Isc restoration
20◦ 6.7% 96.3%
30◦ 6.9% 97.4%
The difference in Isc restoration for the two cases of 20
◦- and 30◦-tilted sample
is attributable to the gravitational force. As the inclination angle increases, the
dust particles deposited on the inclined surface experience a larger component of the
gravitational force parallel to the surface. As a consequence, they roll off from the
surface and will not attach to it. Examining the EDS performance in higher tilt angles
becomes more and more difficult as the dust particles, particularly coarser ones, do
not remain on the surface once they are dispensed from the sieve and hit the surface;
they roll off from the inclined surface.
When the EDS-PV sample was tilted at 30◦ and 1200 volts was applied, the
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Table 6.2: Average and Maximum Values of Isc loss and restoration
for 10 experimental runs for 1.2 kV.
Tilt Avg. of Max of Avg. of Max of
Angle Isc loss Isc loss restored Isc restored Isc
20◦ 7.6% 8.7% 96.7% 98.1%
30◦ 5.3% 6.3% 98.1% 98.7%
average of Isc restoration over the course of the experimental runs was recorded to
be 98.1%; the highest restoration recorded in the conducted experiments. Figure 6·8
depicts the results of the dust particle distribution analysis after EDS activation using
DDA. When Fig. 6·8 shows there are 5 particles in bin 11, for instance, it means that
the algorithm counted 5 particles that had a radius of 11 µm (or 22 µm in diamater).
As Fig. 6·8 shows, the EDS is not able to remove all the fine-adhered dust particles
off the surface and these particle are the most influential ones in 100% restorations
of the Isc. The EDS has performed well in removing dust particles with radii more
than 6 µm.
It should be noted that the histograms provided by the DDA, like Fig. 6·8, is
the aggregated information of residue of particles after EDS activation from 25 (5×5)
sample points across the entire EDS-PV sample. We presume that the information
of these few sample points are good random representation of the entire EDS-PV
sample regarding dust removal. Essentially, more than the number of particles in
each particular bin in Fig. 6·8, it is the particle size range that is of utmost impor-
tance in detailed evaluating of the EDS in removing different ranges of dust particles.
Collecting the information of more points across EDS-PV sample will be taking more
time but does not necessarily provide more information on the performance of EDS
in removing different size ranges of particles.
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Figure 6·8: The results of the dust deposition analyzer after the EDS
activation when the sample was tilted at 30◦ and 1200 volts applied.
The results are for experimental run 1 where the Isc restoration was
recorded to be 98.7%.
6.5.2 Impact of Applied Voltage
In order to examine the impact of the applied voltage, we ran the experiment for
different applied voltages following Operation 1. When the sample is tilted at 30◦,
the average of Isc restoration is 97.4% and 98.1% for the applied voltages of 1 and 1.2
kV, respectively. In the case of 1 kV applied voltage, the sample experienced losses
up to 9% with an average of losses of 7% for all the 10 experimental runs. In the
case of 1200 volts, the sample has losses in Isc up to 6% and the average of losses was
5.5%.
Figure 6·9 illustrates the Isc of clean, dusty, and restored EDS-PV sample for three
different applied voltages of 1200, 1000, and 800 volts when the inclination angle is
20◦. The average of Isc restoration in Fig. 6·9 is 96.7%, 96.3%, and 96.5% for 1200,
1000, and 800 volts, respectively.
Although the average restoration data for the two applied voltages of 1200 and 800
volts is identical, dust coagulation, mostly in the sharp corners of the electrodes (Fig.
6·1(b)), in some of the experimental runs for 800 volts caused up to 3% decrease
in the Isc restoration, compared to the cycles in 1200 volts. The dust coagulation
observation can be attributed to two reasons:
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Figure 6·9: The clean, dusty, and restored short-circuit current for
the 20◦-tilted EDS-PV sample in the course of 10 experimental runs
for (a) 800 volts, (b) 1000 volts, and (c) 1200 volts is applied.
1. The generated electric field distribution on the EDS surface is proportional
to the applied voltage. Due to the relatively low applied voltage, the exerted
Coulomb force on the particles is not strong enough to dominate the attracting
forces that push the particles towards the EDS-PV surface. Low inclination
angle exacerbates this dust accumulation as the gravitational force can not
transport the particle to lower parts of the surface even if the particle is detached
from the surface.
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2. Due to the spiral design of the EDS, dust removal process follows two directions
that are perpendicular to each other. At some point, which is the corner of
the spiral design, these two directions meet each other and the detached dust
particles become trapped.
Spiral design for the electrodes, as depicted in Fig. 6·1(b), does not have the po-
tential to be used in industrial scales of the EDS production. Instead, parallel design
for the electrodes is preferred, in which the three phases are positioned periodically
adjacent to each other without any sharp corner in design. The reason is, in case of
any single discontinuity in one electrode in the spiral pattern, the corresponding phase
will be ineffective in dust removal process. However, for the ease of interconnection of
the three phases, we have pursued the experiments in this study using spiral pattern.
In addition, we have analyzed the distribution of dust particles across the EDS-PV
sample in spots, where the electrodes are parallel. Therefore, the results obtained
for the performance evaluation of the EDS in this study is still valid for the parallel
design, assuming the electrode width and inter-electrode spacing are identical to what
have been considered in current study.
Presence of fine-adhered particles after EDS activation is visible with naked eye on
the EDS-PV surface. These particles, however, do not deteriorate the PV performance
significantly as the PV is capable of using the scattered light from these particles.
On the contrary, if EDS was integrated with a mirror film, these fine-adhered dust
particles would significantly reduce the specular reflectance of the mirror film as the
mirror is only sensitive to direct light and not the scattered beam.
The results from the DDA after EDS activation when the tilt angle was at 20◦
and 800 volts are shown in Fig. 6·10 for experimental run 8, where the Isc restoration
is 95.4%. The DDA results verify the relatively low Isc restoration, as the number of
fine particles present after EDS activation is considerably high.
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Figure 6·10: The results of the dust deposition analyzer after the EDS
activation when the sample was tilted at 20◦ and 800 volts applied. The
results are for experimental run 8 where the Isc restoration was recorded
to be 95.4%.
6.5.3 Operation of EDS in Simulated Field Condition
Following Operation 2, we evaluated the EDS performance in two different relative
humidity (RH) values: 30% and 40%, when the sample was tilted at 30◦ and 1200 volts
applied. In fact, we did not take out the sample from the test chamber to manually
clean using DI water and KimwipesTM between the experimental runs. Figure 6·11
shows the Isc of the clean, dusty, and restored of the sample for 30% and 40% RH.
As can be expected, the EDS-PV sample experiences dust buildup in the course of
20 cycles of dust deposition and EDS cleaning and consequently losses in Isc. After
the last experimental run, the restored Isc in for RH values of 30% and 40% in Fig.
6·11 reaches 80.9% and 86%, respectively.
Figure 6·12 provides the analysis of particle size distribution on the EDS-PV
surface by DDA after the 20th experimental run for the two RH values. As Fig.
6·12 illustrates, fine particles have not been removed by the EDS in the course of
experiential runs and most possibly their buildup has become worse.
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Figure 6·11: Restoration of the short-circuit current Isc in the course
of 20 continuous cycles of dust deposition and cleaning using EDS for
relative humidity (a) 30% and (b) 40%, when the applied voltage is
1200 volts and the sample is tilted at 30◦.
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Figure 6·12: Histogram after the 20th experimental run for relative
humidity (a) 30% and (b) 40%, when the applied voltage is 1200 volts
and the sample is tilted at 30◦.
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Chapter 7
Electric Charge Characterization in an
Electrodynamic Screen
7.1 Introduction
As mentioned throughout the thesis, Coulomb force qE is the main repelling force in
dust removal process by the EDS. In Chapter 3, we comprehensively discussed about
the electric field distribution in different EDS configurations. Conducted experimental
charge-to-mass ratio studies by Horenstein et al. (Horenstein et al., 2013b) have
revealed that the dust particles acquire charge when they are transported by the
energized EDS while the electric charge of the particles that were in contact with the
not-energized EDS was recorded almost zero. This observation clearly shows that
presence of an electric field is the main cause of charging the dust particles. In this
chapter, we report on the experimental studies performed on the dust particle charge.
The impacts of inter-electrode spacing, applied voltage, and relative humidity in the
charge-to-mass ratio measurements have been examined experimentally. Although
the EDS prototypes used in this study have an opaque substrate (printed circuit
board), the results are easily extendable to EDS with transparent substrate, similar
to what was shown in Chapter 6. For the sake of experiments conducted in this
chapter, EDS has been developed on PCB substrate due to: (1) easy interconnection
of the third-phase, achieved using via holes, (2) fast to make and accurate pattern, (3)
low cost, and (4) robustness of the PCB-EDS prototypes in the course of experimental
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runs.
7.2 Experimental Details
7.2.1 PCB-EDS Prototypes
One set of printed circuit board EDS (PCB-EDS) have been developed for the charge-
to-mass ratio experiments. Figure 7·1(a) shows the general schematic of the PCB-
EDS samples in the set, in which the electrode width and inter-electrode spacing are
denoted as w and g, respectively. Two stacked layers of transparent dielectric coatings
are placed on the electrodes. Furthermore, Fig. 7·1(b) shows one of the developed
PCB-EDS prototypes in the set. For the entire prototypes in the set, an optically
clear adhesive (OCA) (3M 8146-2 Optically Clear Adhesive (OCA), 2015) layer and
a layer of Corning R© Willow R© glass (Corning R© Willow R© Glass–Fact Sheet, 2015) with
thicknesses of 50 µm and 100 µm, respectively, have been placed sequentially on
the electrodes in the laboratory environment using a roller. Table 7.1 provides the
dimensions of the 8 PCB-EDS prototypes in the set.
Table 7.1: The electrode width w and inter-electrode spacing g of the
PCB-EDS prototypes.
Sample No. Electrode width w [µm] Inter-electrode spacing g [µm]
1 80 400
2 80 500
3 80 550
4 80 600
5 80 650
6 80 700
7 80 750
8 80 800
7.2.2 Test Chamber
Figure 7·2 shows the environmentally-controlled test chamber used in conducting the
charge-to-mass ratio experiments. The humidity is controlled using a microcontroller
that can activate a humidifier and dehumidifier to modify the conditions to match
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Dust Particles
Figure 7·1: (a) Cross section of the EDS configuration with two trans-
parent dielectric coatings on top of the electrodes. The electrodes are
connected to a three-phase power supply, (b) one of the PCB-EDS pro-
totypes with nominal electrode width and inter-electrode spacing of 80
µm and 800 µm, respectively.
a user input. The dehumidifier consists of a fan blowing air through a large pipe
containing silica desiccant particles. The silica desiccant absorbs moisture in the
chamber and is changed periodically with overnight, oven-dried desiccant to maintain
efficiency. The desired relative humidity is set by user.
A vibratory sieve No. 170 with nominal opening of 88 µm was used to deposit
JSC Mars-1A simulant dust (JSC Mars-1A: a Martian soil simulant, 2015) uniformly
over the PCB-EDS sample. The latter was then mounted on a structural apparatus
with 30◦ inclination angle. After each cycle of dust deposition, we activated EDS
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for 1 minute to repel the deposited dust particles. In order to measure the charge, a
Faraday cup (Monroe Electronics) was placed under the EDS sample to ensure that
the removed dust particles fall into the Faraday cup. The Faraday cup consists of
a removable inner cup and grounded outer cup. It is connected to an electrometer
(Keithley 6514 (Keithley 6514 programmable electrometer, 2015)) which interprets
the charge and polarity of the particles that are in contact with the inner cup, denoted
as Q. The removable cup allows one to measure the mass of collected dust particles
that are removed from the EDS. The mass of the particles is denoted as M and is
recorded using a balance (Cole-Parmer R© Symmetry R© PA-Analytical Balance (Cole-
Parmer R© Symmetry R© PA-Analytical Balance, 2015)). A custom-build power supply
with the input of 12 Vdc provides three-phase rectangular pulses with 50% duty cycle,
excitation frequency of 5 Hz, and pulse amplitude up to 1200 volts for EDS activation.
For the sake of consistency of the experimental results, we have reported the average
of 5 experimental runs, which consists the following steps:
1. Dust deposition using the vibratory sieve,
2. EDS activation for 1 minute,
3. Recording the charge and mass of the removed dust particles.
Between the experimental runs, we used a fine brush to remove the residue of the
dust particles not removed by the EDS.
A non-contacting electrostatic voltmeter (Trek 344 (Trek R© Non-contacting elec-
trostatic voltmeter, 2015)) was used to examine the electric potential of the EDS
surface. The voltmeter is connected to an analog to digital converter (DATAQ DI-
148U) that is read through a software program with 1 Hz sampling rate. The probe
was set up a few millimeters away from the panel, facing perpendicularly to the panel
surface. According to the data sheet (Trek R© Non-contacting electrostatic voltmeter,
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2015), the distance between the probe and the sample does not affect the measure-
ments.
The electrostatic voltage probe is the instrument used to study the panel itself,
before, during, and after EDS activation. It seeks a null electric field by raising the
potential of the probe until the electric potential of the probe becomes equal to the
voltage of the surface. This method was selected because it is non-contact. Touching
the EDS panel dielectric surface material with traditional probes would be applying
a load to the dielectric surface medium, and would alter the reading. Additionally,
this technique was especially useful because it is practically insensitive to distance
the probe is away from the panel. While the probe should be close (on the order of
a few millimeters), the probe does not have to be so close to the panel surface that
levitated dust would interfere with the probe (and vice versa).
7.3 Results
Figure 7·3 shows the results of the charge-to-mass ratio, i.e. Q/M measurements, for
the 8 EDS prototypes listed in Table 7.1 with 0.8, 1, and 1.2 kV applied, and relative
humidity was maintained at 30%. As can be seen in Fig. 7·3, as the applied voltage
increases from 1 kV to 1.2 kV, the Q/M increases. For a fixed applied voltage, when
the inter-electrode spacing increases, the value of the Q/M decreases. The absent
data points in Fig. 7·3 for the 6 prototypes in case of the 0.8 kV are due to the
fact that the EDS performance in dust removal was very poor and we recorded only
inconsistent data points.
A very effective EDS panel (sample 1) in dust removal charges and removes most
of the dust. Faraday cup experiments indicate that the removed dust is consistently
positively charged. Taking the net neutral panel, the dust (which is ultimately charged
positively) must give free electrons to the panel. These dust particles, now with fewer
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Figure 7·3: The value of the Q/M vs. inter-electrode spacing for the
PCB-EDS prototypes in set 1 for three different applied voltages.
electrons than they had when they landed on the uncharged screen, are swept off of
the panel because of the traveling three-phase wave of the electrodes. When these dust
particles are removed by the EDS, they leave the panel with a net negative charge.
The panel holds this charge until it discharges off to the ground due to surface leakage
along the EDS surface. A less effective EDS panel (i.e. sample 8) charges and removes
less dust than a more effective panel. While some dust particles are still removed of
the EDS screen, many are charged by the electrodes, but not enough to remove the
dust. The effect is a panel that has been left with excess electrons from the few
ejected particles, but also has a surface covered with some particles that may have
been charged slightly, but not enough to be removed from the panel. The result is a
return to a near net-zero charge on the panel surface.
To examine the impact of the relative humidity on Q/M , we experimented with
two RH values of 30% and 50%. Figure 7·4 demonstrates a decrease in charge-to-
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mass ratio of dust ejected from panels as a function of inter-electrode spacing and
relative humidity. The inter-electrode spacing controls charge to mass ratios because
the distance between electrodes determines electric field intensity in part. However,
the relative humidity inside of the controlled test chamber alters the attractive charge
force between the dust and the panel. Higher relative humidity allows for a water
meniscus to form between the dust and the panel, increasing the capillary force and
make the Coulomb force less effective in dust removal.
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Figure 7·4: The value of the Q/M vs. inter-electrode spacing for the
PCB-EDS prototypes in set 1 for two different relative humidity values.
Figure 7·5 shows the examined EDS surface before, during, and after EDS acti-
vation for the two samples with 400 and 800 µm inter-electrode spacing.
EDS sample with 400 µm inter-electrode spacing provides a stronger electric filed
intensity on the EDS surface than that of 800 µm. Therefore, the dust removal
efficiency of the sample 1 (Table 7.1) is higher than sample 8. Examining Fig. 7·5,
the more effective EDS sample, i.e. sample 1, is left with a more negative net charge
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Figure 7·5: The electric potential on the EDS surface before, during,
and after the EDS is turned off at t = 60 s.
than the less effective sample, i.e. sample 8. This is explained by how the more
effective panel removes more dust from the screen. That dust takes a net positive
charge with it, as measured by the Faraday cup. What remains on the panel of an
effective EDS sample is a net negative charge. The time it takes for the panel to
return back to a net-zero charge is some discharge time constant called τD. Here,
for sample 1, τD is on the order of 500-600 seconds. While this measurement is not
examined in depth in this work, it is strongly speculated that τD is a function of
the dielectric material on the surface of the panel and the relative humidity of the
air surrounding the panel. More water particles in the air should cause the panel to
return to a net-zero charge in a shorter time.
Another distinction between the two lines is the sharp peak measured on the sam-
ple 1 with 400 µm inter-electrode spacing at the commencement of EDS activation,
as opposed to the steady, high voltage read by the sample 8. This is explained by
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the quick dust removal in the former, and the prolonged struggle to remove dust in
the latter case. The dust acts as a charged load. In the more effective panel, the
charged dust is removed quickly. But in the ineffective panel, the dust is charged
somewhat, but not enough to be removed. This charged body of dust stays on the
panel throughout the entire EDS activation period, never getting removed.
We have implemented the EDS schematic, as depicted in Fig. 7·1(a) in COMSOL R©
Multiphysics R© finite element analysis (FEA) software for all the samples listed in Ta-
ble 7.1. The results of the electric potential on the EDS surface in one fundamental
spatial period Ts when the applied voltage is 1.2 kV is shown in Fig. 7·6. Fundamen-
tal spatial period, as defined in Chapter 3 is denoted as Ts = 3(w + g). In Fig. 7·6,
the maximum of the electric potential in all the samples is identical to 1000 volts.
However, the minimum of the electric potential decreases as the inter-electrode spac-
ing increases. For instance, the minimum of the electric potential in sample 1 reaches
339 volts while the electric potential experiences its minimum of 220 volts in the case
of sample 8. Furthermore, the maximum of the electric potential is attained right
above the energized electrodes for all the EDS samples.
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Figure 7·6: The electric potential on the EDS surface for different
samples used in the charge-to-mass ratio measurements studies in one
fundamental spatial period Ts. The legend denote the inter-electrode
spacing of the EDS samples with 80 µm electrode width. The thickness
of the first and second dielectric coatings have been considered 50 µm
and 100 µm, respectively. Also, the relative permittivity of the two
dielectric coating have been set d1 = 5.14 and d2 = 5.5. The voltages
of phases A, B, and C are V , 0, and V , where V = 1.2 kV.
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Chapter 8
Conclusions and Future Work
Soiling of the optical surfaces causes both energy-yield loss and permanent degra-
dation of the surface properties, thereby affecting light transmission and reflection.
These adverse effects are functions of both the physical and chemical properties of
the dust found in a given geographical location, the surface properties of the collec-
tor, and the climate, particularly RH, temperature, wind velocity, and frequency of
dust episodes. Detailed investigations on the development of efficient and economical
methods of dust mitigation for enhancing the surface properties of the solar collectors
for maintaining high optical efficiency is needed. The second chapter of this thesis
can provide solar energy engineers with information on the natural soiling losses in
different parts of the world and to likewise provide insight into the environmental
degradation and needed mitigation for maintaining high efficiency. The impact of
dust deposition on several photovoltaic and photo-thermal systems reported in the
literature over the last four decades reviewed in the second chapter. The key findings
are as follows:
In designing solar plants, it is common to consider loss factors at every stage,
from the incident solar irradiance to the load connection, either by using grids or
isolated single or distributed loads. It was shown that soiling related energy-yield
loss and cleaning costs must also be considered at any given solar plant location.
Dust accumulation on the collectors? surface will depend on the rate of deposition
and the rates of dust removal via wind.
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Attenuation of the solar radiation reaching the cells or the receiver depends upon
the dust mass concentration on the surface (g/m2), the size distribution of the dust,
and their chemical compositions. Radiation intensity is reduced by both absorption
and scattering by the accumulated particles. Particles with high absorption coeffi-
cients, such as soot and iron oxides (0.2 to 2.0 µm in diameter), absorb incoming
radiation, and fine particles with their size comparable to the wavelength of light
will scatter light more efficiently than others. Finer particles also have large specific
surface area. Thus, fine particles deposited on the collector cause more energy loss
compared with the same mass concentration of large particle deposition.
The anticipated amount of soiling loss can be estimated from the geographical
location, atmospheric dust concentration, prevailing wind velocity, RH variations,
and precipitation rates. In the case of flat-panel PV modules, the higher the tilt
angle, the lower is the rate of dust deposition. Cleaning of dust by wind and rain also
greatly improves as tilt angle increases.
Large-scale solar plants are installed in semi-arid and desert areas where dust
storms are common and rainfall is rare. Dust storms cause major loss of the perfor-
mance of PV installations. These storms are mostly unpredictable, except that they
occur more frequently in certain months of the year. As such, appropriate strategies
are needed to alleviate the problem. Solar collectors equipped with tracking systems
can reduce the negative effect of such dust episodes if they are stowed in appropriate
positions to minimize the effect of dust storms. Such strategies are also helpful during
wind storms for protecting the support structures used for the collectors.
Cleaning with water using effective detergents is the most commonly used method
for cleaning. Use of a water recycling mechanism improves the efficiency of the entire
cleaning system. The efficacy of the cleaning using surfactants depends upon the type
of dust composition and the adhesion of dust to cover plate materials. Frequency of
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cleaning is critical, as the adhesion of dust increases with the residence time of the
dust on the collectors before each cleaning. In the regions where RH is very high,
during the early morning period with possible dew formation, the adhesion of dust
having soluble organic and inorganic salts creates a cement-like formation on the glass
surface, which requires subsequent scrubbing. Light rain in dusty weather leaves the
collector surface spotty with a sticky dust layer that drastically degrades performance.
Immediate cleaning after such events is recommended to restore system?s efficiency.
Glass is the most durable cover plate material for stability against thermal and
photochemical degradations and impact resistance. It is also the most desirable sur-
face for water based cleaning using high-pressure water and scrubbing. By using the
appropriate coating, the performance of glass can be further improved, although cost
is still a prohibitive factor in commercial, large-scale operation. With growing concern
over water resources, particularly in arid areas, any cleaning method that uses less
water for cleaning solar collectors can be both cost effective and environmentally safe.
Emerging automatic cleaning methods, particularly using electrodynamic screens, are
promising alternatives for cleaning solar collectors with minimum operational cost.
Among emerging automatic dust cleaning technologies, the concept of automatic
dust removal using the electrostatic forces of electrodynamic screen (EDS) technology
is in a developmental stage and on its way toward commercialization. Coulomb
force qE is the predominant repelling force in dust removal by the EDS. Therefore,
both electric charge of the particle q and electric field distribution E should receive
significant attention in detailed evaluation of the EDS performance. In this thesis,
we provided the comprehensive analytical solutions for the electric potential and
electric field distributions in an EDS configuration with one or two layer(s) of the
dielectric coating(s). The applied technique used to derive the analytical solutions
can be easily applied for an EDS configuration with more than two layers of dielectric
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coatings. We showed how the parameters: electrode width, inter-electrode spacing,
thickness and relative permittivity of the dielectric coating(s) can affect the electric
field distribution on the EDS surface. Corroboration of the analytical solutions using
the developed EDS model in the FEA software showed that the average of maximum
error percentages between the solutions is less than 10%. The origin for the error was
attributed to the different voltage profiles assumed in the analytical method and finite
element analysis method. Furthermore, in order to evaluate two EDS configurations
with two stacked layers of dielectric coatings, the normal electric field components
on the EDS surfaces in two configurations was compared. It was found that when
the design as well as operational parameters are kept identical, there is no significant
distinction between two configurations.
For detailed evaluation of the EDS performance, modeling of the exerted forces
on the dust particles is indispensable. Based on the analytical expressions obtained
for the electric field distribution, the closed-form expression for the dielectrophorectic
(DEP) forces up to the third-order were derived. Dependent upon the nonlinearity
of the problem, different orders of the DEP forces can be considered in the calcula-
tions. Using the models proposed for the van der Waals force and capillary forces,
we provided different comparisons between the attracting and repelling forces. It was
emphasized that ideal models for the aforementioned forces give rise to overestimation
of them; surface asperities of the dust particles and the top EDS surface should be
taken into account for a more realistic comparison. It was shown how the increase of
relative humidity could give rise to exponential increase in the capillary force, which
consequently dominates the Coulomb force by an order of magnitude or more.
Due to imperfect process of development of EDS prototypes in the laboratory
environment, we considered potential scenarios that lead to failures of the prototypes
in outdoor environment. We analyzed the electric field distribution in EDS configu-
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ration when a layer of air is introduced unintentionally between the dielectric layers
in the development process. Also, we considered the case when the electrode width
of the third-phase increases due to method of interconnection.
Experimental results for the cleaning of a dusty PV cell using an integrated EDS
in an environmentally-controlled test chamber were presented. The EDS was able to
restore the initial short-circuit current of the cell to more than 95% of its original
value after each cycle of test dust deposition and cleaning using EDS, when the
sample is thoroughly cleaned. In continuous dust deposition and cleaning using EDS
and without manual cleaning in between, the performance of the EDS in restoring the
efficiency decreased gradually in the course of experimental runs due to fine-adhered
dust buildup. For low inclination angles, higher applied voltages are desirable as a
way to prevent dust coagulation. Studies on particle size distribution showed that the
EDS with its current geometry is not able to remove all the fine-adhered dust particles
from the module’s surface and fully restore the efficiency. Furthermore, they help in
the modification of influential parameters so as to maximize the EDS performance
in fine-adhered dust particles removal. As a matter of fact, high relative humidity
values will give rise to meniscus formation between the deposited dust particles and
the front surface of EDS-PV sample.
The electric charge of the particles is also another main component in evaluation of
the Coulomb force. We conducted several experiments to examine how inter-electrode
spacing, applied voltage, and relative humidity affect particle charge via charge-to-
mass ratio measurements. It was shown that as the inter-electrode spacing increases,
the charge-to-mass ratio decreases due to the decreased electric field intensity. Fur-
thermore, as the applied voltage increases, the charge-to-mass ratio increases due to
increased electric field intensity.
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8.1 Future Work
As noted previously, there is a deficiency between the analytical solutions provided for
the electric field and the results obtained from the finite element analysis method. The
deficiency was attributed to the fact that the voltage change between adjacent elec-
trodes was considered to be linear in the analytical approach, while the FEA method
provided a more accurate voltage profile. By providing more accurate expressions for
the voltage profile between adjacent electrodes in the analytical method, the error
percentage can be reduced much further. The analytical solutions of the electric field
distribution can be easily embedded in the software programs for particle trajectory
simulations. Moreover, they can be used in further analysis of the electric field dis-
tribution inside the dielectric layer(s) of the EDS and investigating the stress and
potential breakdown.
More mathematical models proposed for the adhesion forces can be used for a
more detailed and accurate evaluation of the forces in the balance between attracting
and repelling forces. Surface asperities of the top EDS surface and dust particles
should receive significant attention in the modeling.
The electrode design in an EDS is a compromise between the high optical trans-
mission efficiency and high dust removal efficiency. In this thesis, however, we did not
consider the optical characteristics of the EDS. As it was shown in the experimental
studies of the thesis, there is fine dust-build up in the course of dust deposition and
cleaning with EDS. Therefore, optimization of the EDS geometry needs to be per-
formed to maximize the dust removal efficiency. The optimization process cannot be
done without considering the optical characteristics of the EDS and the electrodes’
material. Combining the electrostatic model provided in this chapter and future
optical studies of the EDS, a suitable objective function can be defined and solved.
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